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ABSTRACT 


Several  factors  affecting  the  c&libratloQ  accuracy  oi"  f?'  *t  vehicle  static 
pressure  systems  have  been  considered  in  some  detail.  The  standard  atmospheres 
used  within  the  past  40  years  are  tabulated  and  compared.  Altimeter  calflbration 
techniques  and  standards  are  discussed.  The  influence  of  pressure  system  leakage 
h^is  been  evaluated  both  analytically  and  experimentally.  The  influence  of  skin 
irregvilarities  in  the  vicinity  of  fuselage  static  pressure  ports  has  been  calculated 
from  linearized  theory  and  the  results  presented  in  graphical  form.  F^iselage 
irregularities  were  measured  on  18  military  transport  type  aircraft.  The  predicted 
static  pressure  errors  as  a  function  of  Mach  number  compare  reasonably  well  with 
flight  test  results  from  a  NASA  program. 

A  few  revisions  are  ruggested  to  the  USAF  document  governing  the  design  of 
flight  vehicle  static  and  total  pressure  systems,  MIL-P-26292. 
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SECTION  1 
INl'RODUCTION 


Measurements  of  altitude  are  required  for  maintaining  verticri  separation  of 
aircraft  during  flight.  The  measuring  scheme  which  has  been  universally  acr'.:;pted 
is  baaed  on  the  measurement  of  atmospheric  pressure  and  its  relation  to  a  pressure- 
height  variation  of  a  standard  atmosphere.  Since  the  atmosphere  will  vary  consider¬ 
ably  from  standard,  depending  on  geographical  location,  meteorological  conditions 
and  season  as  well  as  altitude,  the  measurements  based  on  the  pressure -height 
relationship  will  ordinarily  be  In  terms  of  relative  altitude.  In  recent  years,  with 
increasing  operating  speed  and  altitudes  of  aircraft,  the  adequacy  of  measitring 
systems  has  become  questionable.  It  generally  follow.,  that  the  ind'vidual  errors 
which  contribute  to  the  over-all  system  error  increase  with  beth  .^peed  and  altitude. 
Current  Civil  Air  Regulations  for  altltudeu  up  to  29,000  faet  sp -cify  ^.000  ft.  vertical 
separation  intervals  and  2,000  ft,  intervals  for  altitudes  abc.e  29,0G0  ft.  ^or  a 
greater  utilization  of  air  space,  it  has  been  su^ested  that  the  accuracy  of  altimetery 
systems  be  improved  to  a  degree  that  will  allow  500  foot  separations  up  to  an  altitude 
of  20,000  ft.  and  1,000  ft,  separation  for  altitudes  of  20,  ^00  to  100,000  feet.  The 
maximum  allowable  error  permissible  for  a  static  system  is  somewhat  arbitrary. 
!!o\vsver,  considering  the  existence  of  a  flight  technical  error  wherein  the  aircraft 
deviates  from  its  prescribed  flight  and  considering  the  slse  of  the  air  .^rait  Itseit, 
it  hap  been  suggested  that  1/2  of  the  vertical  separation  minlrcom  should  be  ooa- 
"idered  as  a  zone  of  no  entry.  Thus,  under  present  flight  regulations,  the  zone  of 
EO  entry  will  be  ±  250  feet  at  altitudes  up  to  29,000  and  ±  5G0  f''9t  above  29,0'''0  feet. 
However,  if  a  greater  utllliation  of  air  space  plan  is  adapted,  then  the  tone  of  no 
eutry  will  be  ±  125  ft  et  up  to  20,000  feet  and  ±  250  feet  above  20,000  feet. 

The  USAF  covers  ail  phases  of  the  necessary  atatic  pressure  system  calibrations 
in  a  multitude  of  military  specifications  and  technical  manuals.  The  most  pertinent 
ijocument  with  respect  to  the  maintenance  of  aircraft  static  pressure  systems  is 


i 


Military  Specification  MIL-P -26292  "Pitot  and  Static  Pressure  Systems,  Installation 
and  Inspection  of .  This  document  covers  the  design  and  maintenance  of  aircraft  and 
missiles  static  pressure  S}r8tems.  At  present,  the  principle  documents  covering  the 
calibration  of  altimeters  are  found  in  the  IndividusJ  military  specifications  for  the 
laboratory  woriung  standards,  individual  military  specifications  for  the  altimeters 
themselves,  and  various  technical  manuals. 

The  work  accomplished  imder  this  contract  is  siq^rted  by  the  Directorate  of 
Operational  Support  Engineering,  flight  Vehicle  Division,  Flight  Control  Branch  of 
the  Aeronautical  Systems  Division.  The  general  items  covered  in  the  program  were 
as  follows: 

1.  ^andard  atmospheres  used  in  the  calibration  of  civil  ind  military  air¬ 
craft  altimeters. 

2.  Types  and  maintenance  of  pressure  standards  for  calibration  of 
altimeters. 

3.  Altimeter  calibration  procedures  and  techniques. 

4.  Aircraft  static  pressure  systems,  in-flight  callbrat  on  techniques. 

5.  The  influence  of  pressure  leakage  on  the  accuracy  c  f  static  pressure 

systems . 

The  program  has  resulted  in  specific  recommendations  to  the  USAF  regarding 
establishment  ol  procedures  and  techniques  to  insure  adequate  vertical  separation 
of  aircraft,  for  combined  military  and  civilian  airways. 
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SECTION  2 


STANDARD  ATMOSPHERES 

2.1.  INTRODUCTION. 

A  standard  atmosphere  represents  an  arbitrary  relationship  between  static  air 
pressure  and  altitude.  Aircraft  altimeters  are  actually  absolute  pressure  gages 
calibrated  to  read  In  terms  of  feet  of  altitude  through  the  standard  atmosphere 
relationshJ^.  A  standard  atmosphere  ma}'  be  calculated  if  a  standard  value  of  sea 
level  pressure  is  taken  as  well  as  a  variation  of  temperature  with  geometric  height. 
The  hydro -static  differentia’  equation,  (1),  may  be  integrated  by  using  the  perfect 
gas  equation,  (2),  into  either  of  the  forms  shown  as  equations  (3)  or  (4). 

dP  -OgdZ  (1) 

dP  =  pressure  difference 
dZ  =  height  difference 
0  =  density 

g  =  acceleration  due  to  the  Earth’s  gravitation. 

P  =  P/RT  (2) 

R  =  gas  constant 
T  =  temperature 


P  Z 


P  0 

o 


g  =  con  star.'. 
8 


0 

The  solution  shown  In  integral  form,  in  Equation  3,  is  one  where  the  acceleration 
due  to  the  Earth's  gravitation  is  assumed  constant,  usually  at  a  sea  level  value. 

Early  standard  atmospheres  v;ere  derived  using  this  expression,  Reference  I  thru 
3.  A  more  correct  integral  form  is  shown  in  Equation  4,  where  g  is  actually  a 
ftmction  of  Z,  The  integral  form  of  Equation  4,  on  the  right  side,  offers  considerable 
complexity  for  ^rtegration,  Reference  8.  Mathematical  simplicity  may  be  retained, 
however,  without  thie  invalid  assumption  of  constant  g  by  a  transformation  combining 
g  and  Z  into  a  new  altitude  parameter  called  geopotential  altitude,  H,  Et.oiation  5.  A 
newer  standard  atnwsphere.  References  6  to  9,  are  all  basically  geopotential  stand¬ 
ard  atmospheres,  The  atmospheres  for  References  5,  6  and  9  gi^e  the  pressure 
altitude  relationship  in  terms  of  geopotential  altitude.  Standard  atmospheres  of 
References  7  and  8  give  the  pressure  altitude  relationship  in  terms  of  both  geo- 
potentlai  and  geometric  altitude  Z.  The  newer  geopotential  standard  atmosphere, 
therefore,  offers  the  advantage  that  a  standard  atmosphere  tabulated  in  geopotential 
units  will  provide  greater  geometric  altitude  separation.  For  example,  the  70,000  - 
60,000  ft,  geopotentisl  height  difference  provides  a  geometric  difference  of  10,063 
ft.  A  standard  atmosphere  calculated  from  Equation  (4)  would  be  exactly  cK)rrect  in 
geometric  units  but  would  have  the  effect  of  decreasing  altitude  separations, 

2.  2.  COMPARlSOiN  OF  STAf4DARD  ATMOSPHERES. 

Since  1925  up  to  the  present  time  there  have  been  crdy  two  basic  standard 
atmospheres  in  use  in  the  United  States, 
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Group  I:  Standard  Atmospheres  -  Geometric  measure  calculated  using  constant 
gravitational  acceleration. 

One  of  tlie  early  standard  atmospheres  is  given  ir  NACA  Report  Humber  218, 
published  in  1825.  It  is  a  geometric  standard  atmosphere  calculated  on  the  assump¬ 
tion  of  constant  gravity  equal  to  the  value  at  sea  level  from  sea  level  to  65,  (H)0  ft. 
Values  of  pressure  at  5,000  ft.  intervals  are  tabulated  as  Colunm  I  of  Table  I.  Be- 
tw(ien  1925  and  1952  several  other  atmospheric  tables  were  published,  but  these 
were  identical  to  NACA  No.  218  over  the  range  from  sea  level  to  65,000  ft.  The 
purpose  of  NACA  Tech  Note  No.  538,  published  in  1935,  was  to  extend  the  range 
of  altitude  to  80, 000  ft.  The  pui-pose  of  NACA  Report  No.  837,  published  in  1946, 
was  to  extend  the  atmosphere  to  100,000  ft.  A  common  fault  of  the  first  three  stand¬ 
ard  atmospheres  is  vhat  over  part  of  the  range  of  altitude,  pressures  were  arbitrarily 
rounded  off  to  the  nearest  hundredth  of  an  inch  of  mercury.  The  Kollsman  Instrument 
Corporation  established  a  Kollsman  standard  atmosphere  which  is  identical  to  the 
other  three  except  that  more  significant  figures  had  been  carried  in  the  ^'alculation. 
The  Kollsman  standard  atmosphere  is  shown  as  Column  4  of  Table  I. 
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TABLE  I 


COMPARISON  OF  VARIOUS  STANDARD  ATMOSPHERES 

Z  "  Geomatric  Feet  H  -  Geopotenti&l  Feat 

Preicurea  Tabulated  Are  In  t'nita  of  In.  Hg.  .Aba. 


(1) 

<2) 

(3) 

(I) 

(5) 

(S) 

l7) 

(7’) 

(8) 

(9) 

NASA 

NACA  218 

NACA  538 

NACA  837 

Koltaman 

14  ADC 

NACA  1235 

ARDC 

ARDC 

ARDC 

TN  i)-822 

Z  or  H 

1825  (Zl 

1935  (Z) 

1946  (Z) 

19501]. 

1955  (h) 

1956  (H> 

1956  tZ) 

1959  {Z; 

1961  (H) 

0 

29.92 

29.921 

29.  92 

29.9212 

29.9213 

29. 9213 

29.921 

29. 921 

29.  921 

29. 9213 

5000 

24.89 

24.89 

24.3959 

24.8959 

24. 896 

24. 897 

24,897 

24.8959 

10000 

20.58 

20.58 

20. 58 

20.5736 

20.5769 

20.  5769 

20,  577 

20.5807 

20.  581 

20. 5769 

15000 

16.88 

16.88 

16.8857 

16.  8858 

16. 886 

16.893 

16.  893 

If). 

23000 

!3. 75 

13.  75 

13.75 

13.7453 

13.  7500 

13.7501 

13.  750 

13. 761 

13.  761 

13.7501 

25000 

11.  10 

11. 10* 

11.  10 

11.0984 

11.  1035 

11.  1035 

lOo 

11.  118 

11.  118 

11. 1035 

30000 

8.880 

8.88 

8.  880 

8.6803 

8.8854 

8. 88541 

8.  8854 

8. 9028 

8.9028 

8.  88541 

3  5000 

7.036 

7.04* 

7.036 

7.0356 

7.  0406 

7. 04060 

7. 0406 

7,0602 

7.0602 

7.  040GO 

40000 

5.541 

5.  54 

5.544 

5.5412 

O.5380 

5.  53801 

5.  5380 

5.5584 

5,  5584 

5.  53801 

45000 

4.364 

4.36* 

4,365 

4.3641 

4.3550 

4. 35497 

4 . 3349 

4.3753 

4.3753 

4.  35497 

50000 

3.436 

3.436 

3.  438 

3.4370 

3.4246 

3 . 42466 

3.  4246 

3,4444 

3  9444 

3.42466 

55000 

2.  707 

2. 707* 

2.  7069 

J.  1 

2. 693CS 

2 .  '  S. 

2,  7  119 

2.  7118 

2,  eojO" 

60000 

2.  132 

2.  132 

2.  132 

2.  1319 

2.  1178 

2. 11778 

J .  a  .  3 

2.  i:i54 

2.  1354 

2.  1 1778 

6.5000 

1.680 

1. 679* 

1.679 

1.6790 

1.  6654 

1 . 6653.8 

1 .  6"  1 6 

; .  66538 

700OV 

1.322 

1.322 

1.32.3 

1 . 3096 

1  30'u> 

i .  3  J  4  4 

1,  3244 

1.  3016 

75000 

1.042* 

1  04  J 

1. 04  14 

1. 0298 

1, 043  2 

\ .  0  2  0  " 

80000 

.  820 

.8202 

.  aos;*^ 

.  '■'Oy'S 

. 921'3 

.  "  J  M3 

■'00^5 

85000 

.  6460 

.  6369 

.  t>4“M3 

.  ti.i 74 . 

80000 

.  5086 

.  50J!  7 

.  5099 

. 50397 

.  oi3i,: 

. 51313 

.  503L--' 

95000 

.  4006 

.  3 '*3^ 

40.-53  i 

400,.: 

100000 

..<156 

.  3 

3037 

3  1^5  1 

.  3  2  64  J 

.  3-  t.4i' 

.  "  !  05  1 

1 0  5000 

J4J1 

.  ^''.>20." 

1  lOOOO 

.  1  '4  a.  . 

.  -■  J  0  i  .5 

,21:33 

I  1  .V3 

1 1 5000 

.  15'i3 

.  4  1  1  i  1 

120000 

1  4  6 

MM" 

iJSOtX)  .  ;0i7  ,  ;  i.Ua 

13OC1K!  .0^*7 


*  From  KoUarran  .on  ,/ari9on  Table 
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Group  II:  Standard  Atmospherea  -  Geopotential  measuz  e  calculated  using  inverse 
square  gravitational  acceleration. 

A  later  group  of  standard  atmospheres  have  been  tabulated,  T.eferences  5  thru  9. 
In  all  cases  these  are  basically  geopotential  atmospheres.  Five  atmospheres  have 
been  tabulated  in  Columns  5  thru  9  of  Table  I.  In  the  case  of  the  1959  ARDC  standard 
atmosphere,  Reference  8,  even  values  in  terms  of  geopotential  altitude  H,  are  not 
tabulated.  For  comparison,  the  1956  atmosphere,  Reference  7,  has  been  tabulated 
both  in  terms  of  geopotential  altitude  and  geometric  altitude  Z.  When  the  1959  at¬ 
mosphere  is  compared  with  1956  atrxiospheres.  Columns  7  jmd  8,  on  the  basis  of 
geometric  altitude  Z,  it  is  seen  that  the  comparison  is  identical. 

The  five  geopotential  standard  atmospheres  may  be  compared  up  to  60,000  ft. 
direct’y  ^•^m  Table  I  and  it  is  obvious  that  all  are  identical  to  four  significant 
figures.  NACA  1235  standard  atmosphere  terminates  at  65,000  ft.  Comparizig 
the  other  four  standaid  atmospheres  on  to  80,000  ft. ,  it  is  found  that  all  four  are 
identical  to  four  decimal  figures.  In  the  range  from  80,000  to  130(000,  it  is  seen 
from  Table  I  that  the  W^ATC  1952  atmosphere  deviates  from  the  three  later  standard 
atmospherea. 

In  summar>  then,  standard  atmospheres  published  in  the  United  States  within 
the  last  35  years  fall  into  tuo  groups.  One  is  a  geometric  st^dard  atmosphere 
(reference  1  through  4,  Table  I)  in  which  gravity  >8  assumed  constant,  the  other 
(reference  5  through  9,  Table  I)  is  a  geopoteniial  atmosphere  which  accounts  for 
variable  gravity  effects.  Withm  each  of  these  t'.'O  groups  comparison  between 
different  published  standard  a  mo  spheres  show  that  they  are  actually,  for  all 
practical  purposes,  identical,  e.g. ,  at  40,000  ft.  ref.  rences  5  through  9,  Table  I, 
agree  within  ±  .0001  m  Hg.  The  standard  atmosphere  given  by  NAv  .i  Report  837, 
has  been  chosen  as  a  representa'ive  atmosphere  of  the  gooraetnc  height  group  be¬ 
cause  it  extends  to  100,000  ft.  The  ARDC  1958  standard  atmosphere  has  been 
chosen  as  a  representative  of  the  geopotentiai  group.  The  differences  ir.  Lorm? 
of  feet  of  altitude  between  the  827  and  1956  .‘-.RDC  atmosphere  is  shown  graphical’v 
in  Figure  1.  Up  to  af^roxiuiatel y  35,000  ft.  of  altitude,  differences  are  less  than 


15  feet  of  altitude.  Beyond  35i  000  ft.  of  altitude  to  80»  000  ft.  of  altitude,  the 
difference  steadily  increased  reaching  a  maximum  at  80, 000  ft.  of  altitude.  At 
80|  000  ft. ,  the  altitude  indicated  by  an  altimeter  calibrated  per  standard  atmosphere 
837  will  read  262  feet  low  as  compared  to  an  aircraft  calibrated  to  a  standard  at- 
nmaphere  per  1956  geopotential  atmosphere. 

2.3.  SUMMARY  OF  STANDARD  ATMOSPHERES  USED  FOR  ALTIMETER  CALI¬ 
BRATION. 

1.  During  the  current  investigation,  many  military  specifications  covering  the 
manufacture  of  altimeters  and  overhaul  manuals  were  reviewed.  These  are  cur¬ 
rently  used  by  both  military  and  civil  agencies.  Several  instrument  manufacturers 
were  contacted.  It  has  been  concluded  that  standard  atmospheres  specified  for 
altimeter  calibration  within  the  past  25  years  follow  either  the  Group  I  or  Group  II 
Standard  Atmosphere,  Both  standard  atmospheres  are  being  used  at  the  present 
time  almost  as  if  they  were  perfectly  interchangeable, 

2.  The  standard  atmospheres  of  Group  I  and  11  are  net  interchangeable. 
Differences  are  less  than  15  ft.  of  altitude  up  to  an  altitude  of  about  35, 000  ft. 

Above  35, 000  ft.  differences  become  progressively  larger  reaching  262  ft.  at  an 
altitude  of  80, 000  ft. 

3.  It  is  recomme’>ded  that  the  Gioup  II  standard  atmosphere  be  adopted  and  all 
barometric  scales  standard^  ?,ed  thereto. 
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ALTITUDE  IN  TH^^SANOS  DF  FEET 

FtGURi:  I 

PRESSURE  ALTITUDE  DIFFERENCES  BETWEEN  ARDC 
liilOOEL  ATMOSPHERE  ( REFERENCE  7 )  AND  NACA 
STANDARD  ATMOSPHERES  (REFERENCES  AND  3) 
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SECTION  3 


PRESENT  ALTIMETER  CALIBRATION  STANDARDS, 

TECHNIQUES  AND  PROCEDURES 

Within  the  scope  of  this  phase  of  the  study  consideration  has  been  given  to  various 
Air  ^orce  Facilities  as  well  as  other  oz^anizations  concerned  with  the  altimeter  cali¬ 
brations.  Many  of  these  facilities  were  visited  and  surveyed  through  the  visitaUcn  as 
well  as  through  a  review  of  the  documents  governing  the  particular  service  facility. 

3.1.  SYNOPSIS  OF  VISITATION. 

Visitations  were  made  to  five  Air  Force  bases,  two  Naval  bases,  three  commercial 
airlines,  three  instrument  manufacturers,  two  airframe  manufacturers  and  several 
other  oz^anizations  which  have  either  direct  or  indirect  influence  on  pressure  altimeter 
calibrations  and  accuracies. 

3.1.1.  Category  1.  Air  Force  Eases;  Olmsted.  Wright -Patterson.  Gentile.  McClellan. 
Norton. 

The  calibration  facilities  and  general  procedures  used  at  these  bases  are  generally 
as  prescribed  through  TO  33K6  and  MIL-B-4308B.  The  m-I  fixed  cistern  type  barometer 
represents  both  the  plant  standard  and  working  standard  at  some  establishments  and  is 
used  as  a  direct  reacbut  device,  1.  e. ,  the  mercury  column  and  scale  are  sighted  by  the 
operator  through  a  magnifying  lens.  At  other  facilities,  equipment  capable  of  consider¬ 
ably  higher  accuracy  is  maintained  as  plant  standards.  The  reference  vacuum  is 
maintained  through  a  mercury  sealed  valve.  Scales  are  calibrated  generally  milli¬ 
meters  of  mercury  (fore -shortened  for  cistern  effects)  and  in  one  of  the  two  standard 
atmospheres.  Mercury  is  not  reused  and  is  purchased  from  one  of  several  sources. 
Temperature  extremes  in  the  altimeter  calibration  areas  are  estimated  as  high  as 
i  5*  C,  Calibration  checks  other  than  prescribed  calibration  which  come  at  intervals 
of  160  dajrs,  generally  consist  of  a  cross  check  at  the  prevailing  atmospheric  pressure 
between  at  least  two  units.  The  reference  vacuum  is  checked  at  various  intervals  by 
pressurizing  the  cistern  and  watching  for  air  bubbles  tlirou^  the  mercury  real  (or  by 
listening  for  a  metallic  clink)  as  the  mercury  column  ia  pressurized  against  the  valve 
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assembly.  At  one  base  the  precision  measurement  equipment  iaborab>ry  has  set  up  a 
pressure  maintenance  survey  team  which  has  a  resprmsibility  of  maintaining  the  work¬ 
ing  standards  in  operable  condition.  The  team  makes  a  daily  check  by  performing 
atmospheric  pressure  checks  between  several  units  which  agreement  must  be  within 
±  ,  004"  of  mercury.  The  team  also  carries  a  vacuum  pump  and  evacuates  the 
mercury  seal  side  of  the  A-1  barometers  daily. 

Calibration  of  altimeters  is  acoomplished  singly  or  in  groups  of  f>x>m  2  to  28. 
Calibration  after  overhaul  is  frequently  carried  out  under  room  temperature  atviron- 
ment  only. 

3. 1. 2.  Category  2,  Naval  Bases;  Naval  Air  Development  Center,  Naval  Western 
Primary  Standards  Laboratories. 

Equipment  used  for  calibration  purposes  at  NADC  consists  of  A-1  type  manometery 
situated  in  temperature  oontrolled  cabinets.  Semiautomatic  (photo -scanner)  typt> 
readout  is  used  and  the  reference  vacuum  is  maintained  with  mercury  sealed  valves. 

The  NWPSL  maintains  equ4)ment  capable  of  obtaining  considerably  higher  accuracy 
than  the  A-1  type  barometer.  This  equipment  consists  of  higher  caliber  pistm  gages, 
a  U-tube  mercury  manometer  and  a  micrometer  standard  manometer  which  is  a  cistern 
type  manometer  fitted  with  a  true  length  scale  and  facilities  for  measuring  column 
heights  in  the  cistern  as  well  as  the  elongated  tube. 

3. 1. 3.  Category  3,  Commercial  Airlines;  American  Airlines,  United  Airlines, 
Northwest  Airlines. 

The  airlines  alsc  use  fixed  cistern  type  manometers  for  final  calibrations.  At  one 
organization,  temperature  oontrolled  cabinets  are  used  and  mercury  sealed  valves  and 
photoscanner  type  readout  is  utilized.  Another  organization  uses  a  vacuum  pAunp  and 
a  thermocouple  gage  for  maintaining  and  monitoring  reference  pressure  and  also  uses 
photoscanner  type  readout. 

Daily  atmospheric  becks  are  generally  made  between  tivo  manometers  and  also 
between  the  manometers  and  Fortin  type  barometers  and  the  local  Weather  Bureau 
Station  and  also  b\  one  case  against  a  precision  aneroid  station  barometer. 
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The  governing  doc^ent  for  altimeter  calibration  ia  TSOClOA,  alUx>ugh  at  least 
one  airline  is  presently  phasing  in  on  the  tighter  tolerances  recommended  in  AT  A 
Reoommended  Test  Procedures  for  Altimeters”,  June  1961  (Reference  28). 

Altimeter  calibration  is  d^ne  generally  at  room  teiB|>erftture  with  an  abbreviated 
check  calibration  at  an  elevated  temperature.  Altimeters  are  removed  from  the  air¬ 
craft  for  recalibration  and  overhaul  at  periodic  intervals  based  both  on  number  of  flying 
hours  and  chronological  periods. 

3.1.4.  C^egorx_kiu£t  rament  Manufacturers;  KoUsman,  Eclipse -Pioneer,  Pioneer- 
Ceottal, 

In  all  cases  plant  standards  are  maintained  which  are  capable  of  substantially 
higher  accuracies  than  the  A-1  type  barometer.  Semiautomatic  readout  is  generally 
used  on  the  fixed  cistern  type  barometer  used  for  altimeter  calibration  and  an  active 
vacuum  is  maintained  with  vacuum  punops  in  all  cases.  Periodic  calibrations  are 
made  against  plant  standards  and  daily  checks  Include  cross  checks  between  barometers. 

3.1.5.  Category  5,  Airframe  Manufacturers;  Lockheed,  Douglas. 

The  A-1  type  barometer  is  used  also  by  the  airframe  manufacturers  lor  altimeter 
calibration  and  these  manometers  are  periodically  overhauled  and  calibrated  against 
plant  standards.  The  plant  standard  used  by  one  manufacturer  is  a  piston  gage;  and 
a  fixed  cistern  type  manometer  used  with  a  vacuum  piunp  and  gage  on  the  reference 
side  and  direct  visual  readout  is  used  by  the  other. 

3.1.6.  Cat^ry  6. 

This  category  includes  additional  organizations  visited  which  are  concerned  with 
the  problems  associated  with  this  phase  of  the  contract  ,  but  which  do  not  fid’  w.ihin 
the  categories  listed  above. 

3.1.6. 1.  National  Bureau  of  Standa-^ds. 

The  National  Bureau  of  Standards  is  rou^wnsible  for  maintaining  pressu  a 
measuring  capability  of  such  a  r;uaiity  that  all  major  corrections  to  the  measurement 
can  be  made  with  a  high  degree  of  accuracy  so  that  jonventionai  working  standards 
calibrations  may  be  made  traceable  either  directly  or  indirectly  to  N.  B.  S,  This 
” Traceablijty*'  should  not  imply  that  <'onvenik;naJ  workirig  standards  may  be  '’Certified”  . 
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However,  for  fixed  cistern  type  barometers  the  scale  laay  be  certified  and  pressure 
calibration  data  may  be  obtained  under  a  specified  se'.  ;>f  operating  procedures.  JFtxed 
cistern  type  barometers  are  not  generally  calibrated  ;>y  N.  B.  S.  since  the  variable 
errors  associated  with  normal  usage  are  large  com;  ared  to  parameters  which  may 
be  calibrated  and/or  certified.  The  normal  proceoure  for  the  barometer  manu¬ 
facturer  to  supply  a  calibration  with  the  instrument,  such  calibration  to  be  made 
against  units  which  have  in  turn  been  calibrated  by  N.  B.  S.  The  role  of  the  barometer 
operator  is  very  critical  in  respect  to  these  instruments  and  it  has  been  emphasized 
by  N.  B.  S.  personnel  that  greyer  accuracies  could  be  possible  through  use  of  transfer 
perso’inel  and  transfer  standaids.  Transfer  personnel  who  are  hi^y  skilled  in  cali¬ 
bration  and  maintenance  techniques  are  mast  desirable;  however,  much  could  be 
gained  through  test  problems  circulated  'n  the  form  of  transfer  standiaritis  to  be  cali¬ 
brated  at  the  different  facilities. 

3, 1, 6. 2.  U.  S.  Weather  Bureau. 

The  Weather  JJunaau  is  responsible  for  sectoring  hourly  pressure  mesjnirem«?]its 
and  for  supplylu^g  ihene  pre88ur<.i  merusuremcnts  indirectly  through  mntrol  towers  to  a 
lari^e  number  of  aircraft  under  field  oonditiors.  This  information  is  «lac»  suppliedi  as 
in -flight  information  so  that  b  e  reported  pressures  are  very  Important,  not  only  m 
regard  to  safety  oonsiJerations  dui'lng  take-off  and  landing;  but  aiso  for  vertical 
sei>arBtion.  Tlie  Fo  tin  type  barometers  of  l/4i  incli  bore  are  generall;  relied  upon 
foi'  transfer  sfand^ti  ds  and  for  calibration  checks  with  aneroid  type  .rtation  bitirometers. 
3.  1.6.3.  ]FAA. 

Although  tie  Weather  Bui'euu  Is  generall}'  responsible  for  scewrate  station  pressure 
readings,  tlte  Wv^atbei  Bureau  does  not  maintiin  offices  at  all  locafions  in  which  case 
tho  FAA  to^^er  Is  respt'nsible  for  supplying  oc  rrect  barometric  information  to  aircraft. 
FAA  gtatton  barometera  are  of  the  aneroid  type  and  are  checked  at  least  once  daily 
agair  t  Wsather  Bureau  .Infrirmation  wherever  possible. 

3.  6. 4.  Htss  fastrumfflit  Company. 

Calibration  of  the  A  type  l>aromt<er8  la  done  In  a  room  which  is  temperature 
ooitijoil^d  and  is  donc!  against  a  iiimiiar  ty^s  instrumeet  which  has  been  calibrated  at 
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the  Bureau  of  Standards.  All  calibrationa  are  carried  out  with  an  active  vacuum 
maintained  on  the  reference  aide  of  the  manometers  which  vacuum  la  monitored  with  a 
McLeod  gage. 

3.2.  DISCUSSION  OF  PRESENT  ALTIMETER  CALIBRATION  STANDARDS  AND 
TECHNIQUES  WITH  RECOMMENDATIONS  FOR  IMMEDIATE  IMPROVEMENT. 

From  practices  observed  at  Uie  various  organizations  covered  by  the  visitation 
program,  it  may  be  concluded  that  the  general  class  of  instrumentation  used  for 
altimete”  calibration  is  essentially  identical  at  all  the  facilities.  It  may  also  b«^ 
concluded,  however,  that  the  usage  of  such  equipment  is  subject  to  considerable 
variation.  The  specific  equipment  used  in  ail  cases  for  altimeter  calibration  by 
the  Air  Force  consists  of  the  A-1  barometer.  A  error  analysis  based  on  manu¬ 
facturing  specifications  as  well  as  observations  from  the  visitation  program  is  given 
below; 

3.2.  ic  Analysis  of  Errors  for  A-1  Barometer. 

The  Air  Force  mercurial,  altitude  test  barometer,  type  A-i,  Military  Specification 
MIL-B-4308B  (USAF)  is  the  Air  Force  working  standaro  for  the  calibration  of  altimeters 
and  several  hundred  units  are  presently  in  service  at  approximately  180  Air  Force  bases. 
Errors  assignable  to  the  barometer  may  be  segregated  into  three  clasbifications: 

1.  Precision  testing  errors. 

2.  Repeatability  testing  errors. 

3.  Operating  errors. 

Errors  falling  within  the  categories  1  and  2  are,  in  general,  random  errors 
associated  with  Uie  instrument  due  to  its  characteristics  and  construction.  Operator 
errors  are  errors  associated  with  the  tech  'ques  of  operating  Uie  barometer  during  al¬ 
timeter  calibration.  For  this  error  analysis,  two  seta  of  operator  errors  have  been 
assigned.  The  first  set  is  assigned  in  an  attempt  to  be  consistent  with  the  operator 
errors  as  they  may  axist  in  the  Air  Force  utilizing  present  day  techniques.  The 
second  set  is  asalgised  with  an  attempt  to  be  consistent  with  improved,  suggested 
tecisiiques.  All  quantitative  values  given  are  3  sigma  errors,  i.  e. ,  the  maximum 
statistical  vaiu^es  which  would  occur  in  99,7  percent  of  the  measurements. 
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3. 2. 1. 1,  Precision  Teat:.gg  £rr>>rs  of  A-1  Bftromet«i*a, 

Ilia  precision  testing  o.n'orii  refer  to  the  dispersion  of  reiiiidings  repested  under  the 
same  conditions  and  at  apftrxtimaiely  the  tiame  time,  A  quimtftative  \v!«lue  ftvr  t'ais 
error  Ms  been  taken  from  sec'.ic  n  4„  2. 1. 5  o!  MlL-B-<i;?08B  ai9  0. 1  mm.  Hji. 

3 . 2 . 1 .  k .  Repeatability  Testing  Errors  of  A-1  Barometers , 

The  repeatability  erxT  rs  xel'er  to  the  dispersion  of  readings  repasited  under 
different  conditions  aiKi  at  di  He.rent  times  of  testing.  Errors  have  been  assigned  with 
primary  n  ference  to  Air  Force  Technical  Ordsr  Ntniber  33A7-*4~2-l.  The  varkius 
error®  mi  die  error  asslgnmerta  are  ts  follows: 

1.  Temperature-Oravity  C-orepcaisaKor  =  ±  0. 1  mnilg. 

2.  Me  :c\U7  meniscus  uncertainty  =  *  0. 1  muiHg. 

3.  Zeio  betting  =  *  O.OS  mmllg* 

4.  Vernier  accuracy  =  ±  0.02S  mmllg. 

5.  Leveling,  error  =  *  0,02  imnh'g. 

6.  Temperauire  Error  ',±  0.3*C)  =  *  0.04  nitriH|'  at  760  msiHg. 

7.  Gravity  mxcertalnty  =  *  0.03  rciraHig  at  7IJ0  raLiiaiHg. 

The  errors  lisvei  as  items  1  tluovigh  5  are  [purely  rtmdom  err07ns  .tnd  essentiaiiy 
independent  of  presAuie  level?.  Errors  .issignabie  under  Item*  6  and  7  are  errors 
which  arc  ppoportlon.'tl  to  presssiire  levels.  If  one  ajids  idl  the  errors  listed  in  ^ems 
1  tkrough  5,  a  maxiauim  error  of  0. 295  mitiRg  maj  occur.  Hdvi'ever,  since  idl  errors 
are  random,  a  m’ich  icor  e  representative  oyer-all  orrer  aoiild  l»e  the  roiot-mean- 
fiquare  which  results  ta  an  RMS  of  i  0, 15  vnjtnHg.  U  items  (:<  and  7  are  included,  the 
result  is  an  FIMS  v.ilue  cf  i  0. 16  mmHg  at  760  mml'ig  pressure. 


15 


3.2. 1.3.  Operator  Brrora  Utlmc  Pr— apt  Tachnigae*. 

Moat  of  the  errors  assignable  to  the  o{»erator  daring  altimeter  calibration  are  of 
the  random  nature,  m  tbs  Allowing  list,  nine  errors  are  listed,  1-6  and  9  being  of 
a  ruidom  nature  and  7  and  8  being  of  a  systematic  nature.  These  errors  with  assign¬ 
able  values  are  as  follows: 

1.  Neglection  of  scale  oorrection  chart  reading.  A  correction  chart  is 
furnished  and  attached  to  each  barometer  Hating  the  aoale  error  as  a  function  of 
pressure  level.  However,  during  altimeter  calibration  these  are  seldom,  if  ever, 
taken  into  account.  The  resulting  error  of  a  0. 2  mm  is  given  in  Section  4. 2. 1. 5  of 
MIL-B-4308B. 

2.  Use  of  altitude  scale.  In  calibrations  throughout  the  Air  Force,  it  is 
common  practice  to  use  the  altitude  scale  for  altimeter  calibrations.  The  altitude 
scale  is  primarily  for  convenience  and  not  as  accurate  as  the  millimeter  scale. 

Older  barometers  are  inscribed  with  a  pressure-altitude  relationship  corresponding 
to  NACA  Ti^  538.  New  barometers  are  inscribed  with  the  pressure  altitude  scale 
corresponding  to  the  ICAO  Standard  Atmosphere,  which  is  given  in  NACA  Report  1235, 
also  ARDC  Model  Atmospheres,  During  the  rec>^t  field  surveys,  both  types  of 
barometers  were  found  to  be  in  service  in  the  Air  Force.  The  altitude  scale  is  not 
cut  with  the  same  precision  as  the  millimeter  scale  and  in  addition,  a  correction 
chart  for  the  altitude  scale  is  not  provided  with  the  barometer,  llie  use  of  the  altitude 
scale  gives  an  addltknal  random  error  of  ^  0. 15  mmHg. 

3.  Mercury  hysteresis  and  capillary  depression,  ±  0. 1  mmHg.  For  most 
altimeter  calibratioris  it  was  found  from  field  trips  that  very  few  of  the  operators  take 
precaution  against  minimising  mercury’  hysteresis.  Althoug'n  Tecbnicai  Order  Number 

33 A7 -4-2-1,  is  paragraph  4-13,  item  C,  instructs  "  rap  the  table  to  adjust  the  meniscus, " 
a  far  meore  satisfactory  method  of  reducing  hysteresis  woiUd  be  to  rap  the  cistern  and 
^>ecify  exactly  the  method  by  which  the  raj^ing  should  occur.  This  Is  extremely  im¬ 
portant  with  the  fixed  cistern  instrument,  since  the  height  of  the  mercury  column  in 
the  cistern  is  assumed  and  ool  measured.  Mercury  hysteresis  and  capillary  d^res- 
sions  have  the  effect  of  ''easing  this  uncertainty.  An  error  of  i  0. 1  mmHg  has  been 
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aasigned  to  this  effect  under  repeatability  errors  and  is  considered  to  be  that  value 
obtained  whei!!  necessary  precautions  are  used.  Accordingly,  the  additional  error  of 
d:  0. 1  mmHg  is  assigned  under  operator  errors. 

4.  Accuracy  of  setting  s^hting  ring,  ±  0. 05  mmHg.  The  above  assumption 
is  based  on  the  fact  that  the  best  the  operator  will  be  able  to  set  a  pressure  or  level  is 
to  1/2  of  the  smallest  vernier  reading.  Since  the  smallest  vernier  reading  is  0, 1  mm 
(although  it  is  0. 05  mm  on  later  model  barometers,  many  of  the  0. 1  mm  verniers  are 
still  in  service),  this  accuracy  is  estimated  at  0.05  mmHg. 

5.  Temperature  uncertainty,  0. 5*  C.  The  half  degree  assumed  error  is 
compatible  with  good  temperature  controlled  rooms  when  the  operator  takee  precautions 
and  watches  for  temperature  changes  as  the  calibration  proceeds.  Fortimately,  even  a 
1/2*  C  error  (0.06  mm  at  760  mmHg)  will  not  cause  sufficient  altitude  error  to  warrant 
taking  into  consideration  at  this  point. 

6.  Elevation  correction,  gas  head.  This  is  the  correction  based  on  the 
altitude  difference  between  the  instrument  to  be  calibrated  and  the  cistern  of  the 
barometer.  In  almost  all  calibration  facilities  this  pressure  dlfterential  is  only  on  the 
order  of  1  or  2  feet  and,  hence,  not  worth  taking  into  account  in  an  error  analysis 
where  other  errors  are  considerably  larger. 

7.  Error  due  to  the  use  of  the  mercury  sealed  valve.  The  Air  Force  type 
A-1  barometer  is  furnished  with  a  mercury  sealed  valve  for  maintaining  vacuum  on 
the  reference  side  of  the  barometer.  In  moat  cisses,  the  valves  probably  do  provide 
an  adequate  seal.  However,  during  altimeter  calibration  where  the  pressure  range 
from  sea  1*  vel  to  80, 000  feet  is  traversed,  mercury  will  tend  to  pick  up  air  bulges 
and  these  air  bubbles  are  easily  transmitted  to  the  reference  vacuum  chamber  at  the 
mercury  sealed  valve.  To  eliminate  the  possibility  of  vacuum  deterioration  with  time 
and  usage,  it  is  recommended  that  the  mercury  sealed  valve  be  replaced  with  a  otvn- 
tinuous  vacuum  pumping  system.  At  the  present  time,  the  errors  caused  by  the  use 
of  the  mercury  sealed  valve  are  somewhat  hard  to  estimate.  It  would  probably  fall 
between  zctd  and  on  j  millimeter  of  mercury.  Much  larger  errors  are  possible. 

T be  preseur  a  erre  r  caused  by  deficient  reference  vacuum  may  be  calculated  from 
e<juatioc  6  »8  follows: 
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(6) 


AP  =  AP 

o 

where: 

AP  =  the  pressure  error 

AP^  ^  the  error  at  760  mm  setting. 

7- ,  -  the  height  the  tube  from  the  top  oT  the  mercury  to  the  mercury 

sealed  valve  at  760  mm  setting. 

P  =  pressure  beiug  measured,  mmllg. 

Calculated  altitude  error  using  equation  as  a  funci^''*>  of  altitude  is  shovm  in  Table  II. 
The  results  are  based  on  a  pressure  error  at  760  mm  in  the  vacuum  of  1  mmHg.  If 
an  error  of  only  0. 1  mmHg  occurs  then  the  result^*'^  AH  is  only  1/  10th  of  the  value 
indicated  by  T^hle  II.  Worthy  o*  note  is  that  e  altitudf  <^rroi‘  decreases  with  in¬ 
creasing  altitude  up  to  about  20,000  feet  tl.  '  ^ase*^  with  increasing  altitude 
to  100,000  feet.  It  should  be  noted  hf  ‘  this  er-XJr  is  and  that  the  pressure 

error  is  always  positive. 

T/  n 

CALCULATED  NEGATIVE  ■i\> TEMATIC  ALTITUDE  ERROR 

DUE  TO  AP  -  1  '  mHK.  ABC. 

o 

(Equation  ') 


+  (760  -  P> 


ALTITUDE 

(Ft.  X  10  3  ) 


ALTITUDE  ERROR 
_ . . 


0 

-  36 

20 

-  18 

40 

-  21 

SO 

-  67 

80 

-170 

100 

-448 
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8.  Air  bubbles  entikrapped  at  mercury  interfaces.  This  error  will  increase 
with  decreasing  pressure  as  given  in  ..<^ati0n  7  where  is  height  of  mercury  column 
above  the  bubble.  f  1 


AP  =  AP 

o 


760  4 

tt-z7 


(7) 


Utilizing  equation  7,  the  altitude  error  as  a  function  of  altitude  has  been  calodated 
assuming  AP^  =  0. 025  mmHg.  This  is  the  error  which  would  result  from  two 
hemispherical  bubbles  of  0. 1  inch  radius.  Results  are  indicated  in  Table  m.  In  the 
calculation  of  Table  HI,  height  Z^  was  assumed  to  be  two  Inche  .  The  results  of  Table 
ni  indicate  that  the  altitude  error  due  to  air  entrapment  will  increase  rapidly  with 
increasing  altitude.  In  an  attempt  to  verify  this,  experiments  were  conducted  in  the 
laboratory  using  an  A-1  barometer.  These  wore  accomplished  by  pumping  both  on 
the  reference  tube  and  the  cistern  from  atmospheric  pressure  to  80,000  foot  pressure. 
Tests  were  perform^yi  at  random  after  the  mercury  had  been  in  extensive  use  and  air 
bubbles  were  clearly  visible  at  the  mercury  glass  Interface.  The  results  of  the  tests 
repeated  at  least  six  random  times,  indic"!ted  the  change  in  zero  setting  between  at¬ 
mospheric  pressure  and  that  o.'>nforming:  to  80, 000  feet  was  within  0, 05  mmHg. 
However,  it  was  further  noted  that  the  air  was  continually  escaping  into  the  vacuum 
system  as  the  tests  were  performed.  As  the  nressure  was  reduced  from  atmospucric 
pressure,  the  air  bubbles  became  mcreasiagiy  larger  as  would  be  expvicted;  how-^er, 
they  were  unstable  and  many  escaped  into  tht:  vacuum  system  as  the  test  proceeded. 
Hence,  it  mu.si  be  concluded  from  these  piciiminary  tests  that  the  effe-H  of  ai^  trapp..d 
in  the  mercury  interfaces  has  small  effect  on  shifting  the  zero  wh«i  mi  «c+ive  vacuum 
is  maintained.  Precision  of  the  testing  mdlcated  that  any  such  errors  w^re  '’ve  to  ten 
times  smaller  than  calculated  for  Table  III. 
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TABLE  m 


sJWrm  S' 


CALCULATED  POSITR  S  SYSTEMAX:"  ALTITUDE  ERROR 

DUE  TO  AjP  =  C.  025  mmHg. 
o 

(Eqi’iatioa  7) 


ALTITUDE  ALTITUDE  ERROR 

lEt,..Ui±L  _ ilhl _ 


0 

0.9 

2C 

3,4 

40 

15.5 

30 

74.5 

80 

287.0 

100 

932.5 

9«  Thermal"  lag.  The  thermal  lag  existing  between  the  observed  thermometer 
and  the  mercury  column  itself  can  result  in  an  appreciable  error.  For  example,  In  an 
area  where  the  daily  temperature  may  fluctuate  10*  C,  a  lag  of  3*  C  would  probably  be 
possible  and  this  would  cx)rrespond  to  an  error  of  approximately  0,4  mmHg  at  a  pres¬ 
sure  of  760  mmHg. 

3. 2. 1. 4.  s^alculated  Accuracies  for  A-1  Bairometers  as  Fresently  Used  for  Air  Force 
Altimeter  Calibrations. 

If  the  '°andom  errors  onJv  of  section  3, 2. 1. 3  are  added,  a  maximum  error  of  C,  50 
mmHg  results.  However,  if  the  random  errors  are  combined  by  root -magnitude -square 
method,  the  RMS  value  is  calculated  at  ±  0. 27  mmHg,.  Combining  this  latter  figure  on 
an  RMS  basis  with  repeatability  errors  of  0. 15  mmHg,  the  final  computed  error  is 
i  9.31  mmHg.  This  error  is  oonstant  and  Independent  of  pressure  level  and  when 
converted  to  altitude  error  the  results  are  as  shown  in  Table  IV, 

3. 2. 1. 5,  Calculated  Barometer  Error  With  Improved  Operator  Techniques. 

The  repeatability  errors  associntdd  with  the  A-1  barometer  are  characteristic  of 
this  type  instrument  and,  aence,  caonoi  be  improved  without  changing  to  a  different 
design  From  section  3,2, 1,3,  however,  items  1,  2,  3  and  7  are  the  items  of  largest 
magnitude  and,  hence,  in  need  of  improvement  as  follows: 
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1.  Item  1,  if  the  scale  correction  chart  is  used  to  correct  the  reading,  this 
error  may  be  reduced  to  pcaeibly  0,0E  mmHg. 

2v  Item  2,  use  of  the  millimeter  scale  tust  ead  of  the  aUitade  scale  will 
eliminate  the  stated  error  of  a  0. 15  mmHg  assign^  so  the  altitude  scale. 

3,  Item  3j  with  further  emphasis  to  reduce  mercury  hyuteresis  in  the 
capillary  depression,  the  total  error  may  be  reduced  from  ^  0»  2  mmllg  to  the  figure 
of  ±  0, 1  mmHg  which  is  included  in  the  repeatadbility  en'ors. 

4,  Item  7,  the  mercury  oeaied  valve  reference  replaced  by  a  continuous 
punning  vacuum  system  and  monitoring  of  the  vacuum  level  with  &  McLeod  gnge  or 
equivalent  vacuum  gage  will  eliminate  the  systematic  error  aseigned  to  the  mercmry 
sealed  valve  system  and  the  figures  given  in  Table  n  will  be  eliminated. 

Making  allowance  for  the  changes  Indicated  above,  the  resultant  RMS  value  &?r 
all  nonpressure  dependent  randim  errors  is  reduced  from  ^  0,3i  mmKg  to  i  0. 56 
mmHg,  The  altitude  error  as  a  function  of  altitude  oorrespontUng  to  the  resulU^^t 
RMS  error  of  ±  0, 16  nunHg  is  given  as  part  of  Table  IV, 


TABLE  rV 

ESTIMATED  ALTIMETER  ACCURACIES  USING 
MERCURIAL  ALTITUDE  TEST  BAROMETER,  TYPE  A-1 


Altitude 


AH 

Present  Methods 


AH 


X  10-3  ) 

(Ft.) 

(Ft, 

0 

±  11.3 

±  5.3 

20 

±  21.2 

±  10.9 

40 

±  45.9 

±  23,7 

60 

±119,9 

±  61.9 

80 

i341,9 

±161.8 

100 

±873.5 

±432.3 
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3.3.  DISCUSSION  OF  ALTIMKTER  CALIBRATION  PROCEDURES. 

The  cfilibrstion  of  an  Instrument  can  rarely  be  performed  under  the  exact  oon:litlons 
which  will  be  encountered  in  normal  service.  The  effects  tf  a  different  environment 
such  as  temperature  or  vibration  are  often  predonoLlnant  changes  althcugn  the  time 
dependent  and  thermally  Induced  inelastic  errors  are  also  generally  significant  for 
precision  instruments. 

The  primary  calibration  of  altimeters  is  conducted  at  approximately  25*  C  with 
secondary  calibrations  at  hi^er  and  lower  temperatures,  it  is  believed,  however,  that 
in  modem  tcimperature  controlled  aircraft  cabins  that  the  altimeter  normally  operates 
at  a  temperature  somewhat  higher  than  f‘5*  C  because  of  the  heat  dissipated  by  other  in¬ 
struments  in  the  Immediate  locale.  In  uncontrolled  thermal  environments,  the  opera¬ 
tional  temperature  may  vary  widely.  These  factors  require  a  caUbration  at  more  than 
one  temper^re.  Such  calibrations  are  generally  considered  to  be  quite  repeatable 
since  the  thermally  induced  inelastic  errors  are  ul  uaily  9mall  in  comparison  to  the 
thermally  induced  dimensional  changes;  and  in-service  corrections  conceivably  could 
be  made  for  thermal  environmenbol  changes  in  a  normal  service  of  on  altimeter. 

The  inelastic  errors  are  not  so  easily  defined  and  the  major  portion  of  this 
section  is  given  to  a  discussion  of  these  errors. 

3.3.1,  General  Consideration  of  Instrument  Errors. 

Tor  this  consideration  the  errors  essociated  with  an  altimeter  are  divided  into 
gK^np.s,  The  first  group  includes  those  errors  normally  referred  to  as  scale  eri^or 
deviations  and  are  herein  defined  as  tho  discrepancy  of  instrument  reading  at  a  pre¬ 
scribed  environment  from  a  predefined  relationship  between  pressure  and  altitude  for 
a  perfectly  elastic  mechanism,  i.  e. ,  all  inelastic  effects  such  as  hysteresis  and  drift 
are  assumed  to  be  zero.  Conformance  to  a  prescribed  pressure-altitude  relationship, 
then,  is  the  major  criterion  for  scale  error  figures.  The  second  group  of  errors 
includes  only  those  errors  which  appear  as  departures  of  a  calibration  curve  from  an 
ideal  calibration  curve  due  to  inelastic  effects  at  a  given  temperature.  A  third  groi^) 
might  include  only  those  errors  due  to  temperature,  however  temperature  errors  may 
well  contribute  to  either  one  or  both  of  the  above  listed  groups  so  that  it  is  advantageous 
to  consider  effect.*  of  temperature  changes  on  each  of  the  groups  separately. 
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Assumixig  that  there  are  errors  falling  under  the  second  classification  which  are 
of  such  a  magnitude  to  lyarrant  oonsideration»  then  some  sort  of  average  scale  error 
calibration  is  desired  about  which  the  errors  of  this  classification  will  be  uniformly 
grouped.  As  an  alternate,  if  scale  errors  are  obtained  in  a  manner  such  that  the  sign 
and  magnitude  of  inelastic  errors  are  known,  then  an  average  response  may  be  pre¬ 
dicted  from  the  measured  response.  If  the  response  of  the  instrument  to  a  prescribed 
function  is  inherently  linear  and  production  techniques  have  been  refined  to  the  esctent 
that  no  departures  from  uniformity  are  expected,  then  scale  error  calibration  may 
consist  of  measurement  at  two  points  only,  provided  that  the  points  are  measured 
under  known  conditions  of  elasticity.  However,  if  response  is  not  linear  and  curve 
s];iaping  is  necessary  within  the  instrument,  the  number  of  scale  error  calibration 
pc  ints  required  depends  greatly  on  the  complexity  of  the  curve  fitting  mechanisms 
8  id  the  uniformity  expected  from  a  particular  production  facility.  For  example,  if  a 
dim  is  used  for  curve  fitting,  an  irregularity  on  the  cam  could  cause  a  large  error 
to  go  undetected  if  calibration  points  straddled  the  irregularity.  In  general  then,  for 
m'ximum  reliability  of  scale  error  calibration  an  infinite  number  of  calibration  points 
must  be  used.  In  practice  of  course,  a  reasonable  compromise  must  be  made. 
Regardless  of  the  number  of  scale  error  calibration  points,  however,  if  inelastic 
errors  are  significant,  the  direction  and  magnitude  of  the  inelastic  errors  should 
be  known  for  each  scale  error  calibration  point.  It  is  also  necessary  that  environmental 
effects  be  knOAvn  if  they  are  of  sufficient  magnitude  to  warrant  consideration.  The 
complete  pit>blem  then,  is  to  ‘■elect  a  schedule  of  testing  such  that  the  proper  magnitude 
and  sign  of  inelastic  and  environmental  errors  may  be  assigned  to  the  measured  scale 
error  in  order  to  determine  the  total  error  associated  with  any  prescribed  operational 
cycle. 

Many  attempts  have  been  made  In  the  past  to  desci  be  in  a  general  manner  the 
relationsnip  between  force  and  deflection  of  a  spring  member  but  a  review  of  this  field 
of  study  is  beyond  the  scope  of  this  report.  For  precitiion  force -deflection  type 
instruments,  however,  it  will  be  assumed  that  the  force-deflection  characteristics  may 
be  d  scribed  by  an  envelope  as  shown  in  Figure  2. 


The  tDttoreeolio!i  of  the  abeoisM  and  the  ordinate  represents  a  zero  point  wliich  is 
tt^iut  at  one  sKtreme  of  the  normal  operational  cycle  and  at  which  the  spring  member, 
i.  e.  I  altimeterf  h&s  been  held  for  a  long  period  of  time.  Curve  A  then  r^resents  the 
first  oyole  of  operation  after  rest  at  the  zero  point.  The  curve  A  represents  the  worst: 
possible  ooiribinatlon  as  the  portion  from  0  to  1  is  rapi(Uy  traversed  and  then  held  at 
point  1  until  essentially  all  drifting  is  acoomplished.  This  brings  the  measurement  tc» 
point  2y  where  again  it  in  rapidly  traveraed  back  to  zero  atresa,  point  3,  and  if  held  at 
zero  streaa  for  a  long  period  of  time  the  point  will  finally  return  back  to  zero.  Cun^e 
B  represents  the  condition  under  a  axutained  rapid  cycling  type  of  testing  where  a 
closed,  symmetrical  hyiiteresls  loop  is  obtained.  Curve  C  is  shown  to  demonstrate 
what  may  happen  under  very  slow  cycling  where  the  frequency  of  cycle  traversing;  is 
low  enough  so  that  essentially  all  drifting  is  taken  care  of  while  the  cycle  is  beinf;  made. 
Assumicg  that  this  repi*esentation  is  correct,  it  is  clear  that  the  meximum  error  zone 
that  may  occur  is  simply  the  drift  error  plus  the  hysteresis  at  the  iwint  of  meaau;  ement. 
It  should  be  recognized  that  the  graph  of  Figure  2  is  shown  in  greatly  eidarged  scale  for 
illustrative  purposes  only  and  that  the  relative  width  of  the  drift  and  hysteresis  cuive, 
as  shown  in  Figure  2,  is  not  necessarily  representative.  It  is  assuiued  for  tbds  dis  > 
cussion  that  the  center  of  the  envelope  (point  4)  is  fixed.  This  assumption  requires 
that  dimensioaal  instability  of  instrument  materials  has  been  stabilized  to  a  point  where 
further  shifts  are  minor  compared  to  the  inelastic  errors  considered  Herein, 

The  same  envelope  is  shown  in  Figure  3,  and  here  it  is  astsumed  that  after  reaching 
po  Sit  3  the  cycle  is  Immediately  continued  up-scale  in  a  rapid  manner  hack  to  point  2. 
The  croBshatched  area  then  represents  the  zone  of  possible  readings  fo  r  upscale  tra¬ 
versing.  This  zone  width  is  defined  by  the  total  drift  at  the  ends  and  the  curv'ature  is 
defined  by  the  hysteresis.  A  similar  graph  would  hold  for  the  zone  of  possible  readings 
for  downscale  traversing. 

If  it  can  be  shown  that  experimental  data  correlates  with  tiiiij  representation,  rela¬ 
tively  simple  tests  corresponding  to  curves  A  and  B  (or  other  prescribed  curves)  could 
define  the  error  envelope  associated  with  a  scale  error  calibratldn  obtained  ’inder  krown 
conditions.  The  possibility  exists  that  a  fixed  relatiouship  exists  between  the  hysteresis 
as  defined  by  Curve  A,  and  the  drift  curve  which  if  known,  could  further  simplify  cali¬ 
bration  procedures. 
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PossjQ^ly  the  cloaest  mechanical  model  of  such  a  curve  is  that  discussed  by  Zener 
(Ref.  13)  and  termed  the  ^  Standard  Linear  Solid.  '*  This  model  is  shown  in  Figure  4 
and  has  the  analytical  form: 


«+a«=bs+cs  (8) 

where: 

c  -  strain  (displacement) 
s  stress  (force) 

<  =  time  rate  of  strain 
=  time  rate  of  stress 
a,  b(  c  =  proportionality  constants 


The  response  to  a  unit  st^  of  stress  may  be  readily  obtained  from  expression  (8)  and  is 

-t/a 

+  b 


/Q\ 


Ti  is  model  may  be  utilized  iu  attempts  to  characterize  drift  patterns;  however,  it 
do  -B  not  allow  for  the  hysteresis  obtained  under  conditions  such  that  drift  effects  are 

neg  iglble. 

As  a  first  approximation  however,  it  may  be  assumed  that  the  hysteresis  curve  is 
parabolic  (Ref.  14,  15)  which  assumption  gives  the  following  expression  for  the  shape 
of  a  closed  loop  hysteresis  curve. 


6/6  =■■  4  (1  - 

m 


(10) 


wlMre: 


9  -  stress  range 

m 

?  =  hysteresis 

5  =  maximum  hysteresis  for  a  given  stress  cycle 


Although  expressions  (8)  and  (10)  might  be  combined  it  seems  advantageous  to  conside 

them  separately  imtll  correlation  could  be  shown  for  a  particular  instrument  design. 

As  previoualy  implied  one  might  aleo  expect  to  find  fixed  relationships  between  6  of 

m 

expression  (10)  and  the  oonstants  of  the  drift  curve,  expression  (9), 
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It  ebould  be  noted  that  expressions  (9)  and  (10)  are  in  terms  of  stress  and  strain 
and  may  be  directly  applied  to  a  specific  case  of  force  and  output  only  if  the  inter* 
relationships  are  known.  Assuming  that  an  altimeter  employs  a  linear  pressure  cap¬ 
sule  and  curve  shaping  linkages,  the  respective  altitude  errors  due  to  nominal  values 
for  hysteresis  and  drift  are  shown  in  Table  V  for  an  (^rational  range  of  0  -  70, 000  ft. 
The  mi(^int  of  the  stress  range  is  approximately  17,000  ft.  for  this  altitude  range. 
The  envelope  of  inelastic  errors  (described  in  Figure  2)  would  take  the  form  of  the 
last  column  of  Table  V  for  the  hypothetical  linear"  altimeter  of  Table  V.  No  infor¬ 
mation  is  at  hand  to  indicate  a  precise  relationship  of  drift  to  stress  range;  however, 
it  would  be  expected  to  be  proportional  to  a  power  of  stress  greater  than  unity  and 
possibly  proportional  to  the  hysteresis. 

TABLE  V 

HYSTERESIS  AND  DRIFT  FIGURES  FOR  NOMINAL  VALUE  OF 

20  FT.  AT  17,000  FT. 


H  (Ft.) 

6/6 

m 

Hysteresis 

5  (It.)  . 

Drift 

Hsrsteresis 
Plua  Drift  (FU) 

70, 000 

0. 

0. 

214 

214 

60, 000 

.113 

14.6 

128 

142 

50,000 

.273 

21.2 

78 

99 

40,000 

.502 

24.6 

49 

74 

30,000 

,779 

25,2 

32 

57 

17,000 

1.00 

20.0 

20 

40 

10,000 

.87 

13.9 

16 

30 

0 

0. 

0 

12 

12 

The  effects  of  moderate  temperature  changes  for  precisiosi  lr‘«tr‘»ments  can  be 
fully  as  significant  as  the  pressure  Induced  Inelastic  errors  discussed  above.  This 
arises  partially  throu^  use  of  materials  haviiig  different  thermal  expansion  charaewr- 
istlcs  or  tven  the  same  material  having  different  expansion  charatterisUcs  in  different 
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(Urectioiis  and  would  be  quite  prevaioxt.  for  example,  if  aoft  aoldera  are  uaed  for 
joining  active  membera.  An  additional  aource  of  atresa,  temperature  induced,  could 
ariae  throu^  mechanically  operated  temperature  compensating  means.  If  the  tern' 
perature  induced  stresaea  are  nujderate,  however,  the  inelastic  error  envelope  due  to 
temperature  changes  will  be  aimilar  to  the  envelope  of  Figure  2  and  temperature 
effects  may  be  analyzed  in  the  tame  manner  as  loading  ejects.  The  orJy  distinction 
being  that  tlm  stress  is  now  brought  about  by  a  temperature  change  rattier  than  a  direct 
loading; 

3. 3. 2,  Experimental  Investigation  of  Altimeter  Inelastic  Errors. 

A  limited  amount  of  testing  of  altimeters  for  inelastic  errors  was  accomplished 
for  comparison  with  the  concepts  outlined  above.  Data  was  obtained  for  two  precision 
(MA-1  or  AAU-8/A)  altimeters  on  loan  from  ASD  and  t^vo  sensitive  altimeters  (  Fype 
C-12)  which  were  purchased  from  a  FAA  authorized  overhaul  base.  Hysteresis  and 
drift  data  were  obtained  for  two  pressure  ranges. 

3.3.2, 1.  Testing  Procedure. 

The  four  altimeters  and  a  vibrator  were  mounted  on  a  table  under  a  bell  Jar. 
Pressure  was  controlled  manually  using  a  C.E.C.  typie  6-Cal  piston  gage  for  reference. 
The  low  pressure  side  of  the  piston  gage  was  maintaiied  below  20  microns  as  indicated 
on  a  McLeod  gage  which  was  connected  via  a  separate  pi'essure  line  into  the  io'^  p’-es- 
sure  chamber  at  a  position  across  the  chamber  from  the  exhaust  connection.  A  small 
bore  mercury  U-tube  manometer  was  also  tied  into  the  system  ft>r  a  rough  indication 
of  absolute  pressure.  AppiPpriate  valving  was  included  for  large  pressure  aujustments 
and  an  adjustable  bellows  was  used  for  fine  adjustment.  V'^lving  was  ai?io  u‘jed  to 
*’ disooanect”  the  piston  gage  from  the  remainder  ihe  system  during  che  large 
pressure  cycles  associated  with  the  hysteresis  testing. 

The  hysteresis  data  was  obtained  by  running  five  continuous  cycles  aver  a  pressure 
range  snd  readings  were  made  at  the  mic^int  of  the  pressure  rargs  for  both  upscale 
and  downscale  traversing,  (The  pressure  range  midpoint  was  used  li.  order  to  measure 
the  maximum  hysteresis  in  accord  with  the  theory  discussed  herein.)  The  duration  of 
each  cycle  was  approximately  10  minutes,  and  fine  adjustment  and  reading  of  the  altin. 
eters  required  approximately  one  minute. 
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Drift  data  was  obtained  by  holding  the  altimeters  at  one  pressure  for  at  least  24 
iKHirs  and  then  progressing  rapidly  to  a  pressure  established  with  reference  to  the 
pj  istun  gage.  The  first  readings  (represented  as  zero  on  the  time  scale)  were  taken 
three  minutes  after  starting  the  pressure  change  and  efforts  were  made  to  accom¬ 
plish  the  pressure  <’hange  in  tvx)  minutes  at  a  constant  rate. 

3 . 3. 2, 2,  Testing  liesults. 

Results  of  hysteresis  testing  are  shown  graphically  on  Figure  5  and  6  and  are 
summarized  in  Table  VI.  The  data  of  Figure  5  give  upscale  and  downscale  readings 
at  20.4  inches  Hg  (essentially,  the  midpoint)  for  cycling  between  28.9  inches  Hg 
(1000  altitude)  and  12.3  inches  Hg  (22,700  ft.  altitude.)  The  data  of  Figure  6 
give  upscale  and  downscale  readings  at  16. 82  Inches  Hg  for  cycling  between  28. 9" 

Hg  and  3.42"  Hg  (50,000  ft.).  Average  values  of  hysteresis  measured  at  mid-pressure 
range  are  given  in  Tabie  VI  in  feet  of  altitude,  inches  mercury  and  as  a  fraction  of  the 
pressure  range.  Although  the  altimeters  employ  "nonlinear"  elements  in  order  to 
read  out  directly  ir  feet  of  altitude  rather  than  pressure,  it  would  seem  fairly  safe  to 
assume  ♦hat  the  integrated  value  of  stress  for  all  elements  is  directly  proportional  to 
the  applied  pressure.  Accordingly,  the  maximum  hysteresis,  in  terms  of  pressure, 
would  occur  at  ♦he  midpoint  of  the  pressure  cycle.  The  fractional  hysteresis  increased 
with  increased  stres.  range  for  the  tv.o  precision  altimeters  (1  and  2).  The  sensitive 
altimeters  (4  and  5)  do  not  show  any  well  defined  trend.  The  bi^er  hysteresis  values 
exhibited  by  the  sensitive  altimeters  (approximately  equal  to  ten  times  that  for  the 
precision  altimeters)  indicates  a  more  highly  stressed  mechanism. 
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FIGURE  5 

HYSTERESIS  FOR  1,000  -  22,700  FT  .  RA^<G£ 

FOR  FOUR  TEST  ALTIMETERS. 
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TABLE  VI 

HYSTERESIS  RESULTS 

ReadinjfS  at  Approx.  10, 300  Ft. ; 
1000  Ft.  to  22,700  Ft.  Cycles  (16.59  Hg) 


Altimeter 

Hyoteresis 

(Ft.) 

Hysteresis 
(In.  Hg) 

Fraction  of 
Pressure  Range 

1 

4 

.0032 

,019  percent 

2 

5 

.004 

.  024  percent 

4 

42 

.034 

.  20  percent 

5 

65 

.052 

.31  percent 

Readings  at  Approx.  15,  COO  Ft. ; 

1000  Ft.  to  50,000  Ft.  Cycles  (25.44  In.  Hgl 

.Altimeter 

Hysteresis 

iFt.) 

Hysteresis 
(In.  Hg) 

Fraction  of 
Pressure  Range 

1 

9 

.0062 

. 024  percent 

2 

15 

.010 

.  039  percent 

4 

•* 

1  ^ 

.049 

, 19  percent 

5 

62 

.  056 

. 22  perc  nt 

Results  of  di'ift  testing  are  show-n  o»'  Figures  7,  8,  and  9.  Results  of  the  first 
test,  after  approximately  one  hundrtxi  hour'*  "rest’*  at  ambient  pressure,  is  shoven 
on  Figure  7.  As  previously  riesenbed  the  first  data  point  recorded  a?  rero  time  uas 
taken  th-'oe  minutes  after  start  of  the  pressure  change  and  approx one  minute 
after  the  pressure  was  sfabihzed  at  test  value.  Readings  were  taken  frequently  for 
20  to  30  minuies  and  tlien  even'  hour  or  two  until  the  end  of  the  day.  .Ambient  tem - 
peratu'e  variations  were  only  about  2*  F  maximum  during  these  tests.  The  altimeters 
were  maintained  '’at  pressure  '  overnight  and  several  readlr,gs  taken  the  following  day, 
which  readings  are  mJicatec  as  a  dashed  line  after  u.e  lime  scale  break  on  Figures 
T,  5,  and  S.  Drift  data  shown  on  Figure  8  was  obtained  .at  approximately  1350  ft. 
altitude-  after  "  r-sting”  at  22,  "GO  ft.  and  sirndarly,  the  data  of  Figure  9  was  obtained 
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after  a  22  hour  '*  reel*'  at  50, 000  ft.  altitude.  The  drift  results  associated  t^ith  the 
precisioc  altfhieters  show  considerable  scatter  but  in  general,  the  drift  after  24  hours 
for  the  sensitive  altimeters  is  also  of  the  same  order  of  magnitude  as  the  hysteresis. 
Analysis  of  the  **  Standard  Linear  Solid"  zoo  Jel,  Section  3.3. 1,  dictates  a  linear 
relationship  between  .  and  « .  ~  « ,  where  * , ,  ,  „  are  indicated  output 

values  and  e  ,  c  „  are  their  first  time  deidvatives  respectively.  The  data  for 

1  4 

altimeter  number  5  shown  on  Figure  5  was  oonopared  in  this  manner  and  no  correlation 
was  indicated.  No  attempts  were  made  to  compare  the  drift  data  for  the  precision 
altimeters  to  the  Standard  Linear  Solid  model  because  of  the  paucity  of  data.  It  is 
observed  that  the  drift  (as  a  fraction  of  the  pressure  range)  is  greater  at  22, 700  ft. 
than  at  1350  ft.  This  result  would  be  expected  from  the  Standard  Linear  Solid  model 
and  would  have  the  form  shown  in  h'igure  10  for  a  stressHime  cycle  of  small  magnitude 
after  bolding  at  one  extremity  of  the  normal  stress  range  of  ^e  instrument  for  an  ex¬ 
tended  period.  This  type  of  response  has  also  been  demonstrated  in  Reference  16  where 
it  was  found  that  drift  and  after-effect  developed  during  a  number  of  simulated  short 
duration  successive  flights  tended  to  accomulate.  Drift  is  defined  in  Reference  16  as 
the  change  in  altimeter  reading  with  time  when  the  instrument  is  subjected  to  a  oonstaat 
pressure^  and  after-effect  is  defined  as  the  hysteresis,  at  sea  level  pressure,  at  the 
completion  of  a  pressure  cycie, 

3.S.3.  General  Discussion. 

Test  results  indicate  that  hysteresis  for  the  precision  altimeter  is  an  order  of 
magnitude  lower  than  for  the  sensitive  altimeters.  Drift  accumulated  over  24  lK>urs 
was  of  the  same  order  of  magnitude  as  the  hysteresis  for  the  sensitive  altimeters 
Drift,  over  a  24  hour  period,  of  the  sensitive  altimeters  was  two  to  five  times  the 
drift  values  exhibited  by  the  precision  altimeters.  All  comparisons  were  made  on 
a  pressure  basis  rather  than  altitude  basis,  since  the  integrated  stress  value  for  an 
altimeter  is  believed  to  bs  more  closely  proportional  to  pressure  than  to  altitude. 

Curvature  of  the  drift  response  for  the  sensitive  altimeter  was  found  to  be 
different  than  that  predicted  by  the  "Standard  Linear  Solid"  model;  however, 
phenomonoiogical  correlatiou  was  sbowii  between  this  model  and  the  accumulation 
of  drift  and  after-effect  under  successive  cycling  at  a  low  frequency  as  shown  in 
Reference  16. 
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TIME 


FIGURE  10 


RESPONSE  OF  STANDARD  ' 


SOLID  MODEL  TO  SUf 


FORCE  CYCLING . 


Fractionai  hysteresis  values  were  roughly  proportional  to  pressure  range  for  the 
precision  altimeters  and  roughly  constant  for  the  sensitive  altimeters. 

Existence  of  measurable  frequency  dependent  inelastic  effects  requires  that  some 
attention  be  given  to  the  calibration  sequence.  The  calibration  procedure  adhered  to 
by  Air  Force  calibration  facilitiet  appears  to  be  adequate  in  this  respect  for  the  pre¬ 
cision  altimeters  since  such  calibrations  tend  toward  the  mean  calibration  of  an 
inelastic  error  envelope  (calibration  is  performed  "  slowly"  so  that  a  major  portion 
of  the  drift  takes  place  as  the  calibration  cycle  is  performe(^  which  is  small  relative 
to  present  values  of  overall  scale  error  tolerances. 
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SECTION  4 


FUTURE  ALTIMETER  CALIBRATION  STANDARDS,  TECHNIt^UES, 

AND  PROCEDURES 

An  objective  of  this  contract  was  to  survey  the  field  for  calibration  equipment  and 
techniques  which  nil|^  be  utilized  in  achieving  more  satisfactory  calibrations.  Adver¬ 
tising  literature  on  ^pq;)ropriate  products  was  available  from  many  manufacturers. 
Further  information  was  obtained  through  a  survey  letter  midled  to  twelve  organizations 
which  have  indicated  capability  in  the  pressure  calibration  equipment  field. 

4. 1.  ALTIMETER  CALIBRATION  STANDARDS  PRESENTLY  AVAILABLE. 

The  instruments  which  may  be  utilized  in  calibration  of  an  altimeter  are  classified 
into  two  groups;  Reference  Standards  and  Working  Standards. 

4. 1. 1.  Reference  Standards  for  Altimeter  Calibration. 

The  Reference  Standards  are  characterized  as  pressure  instruments  which  permit 
direct  reference  of  the  indicated  reading  to  the  fundamentals  of  mass,  length,  and  time. 

A  further  restriction  on  this  classification  is  that  the  instruments  be  constructed  in 
such  a  manner  that  the  accuracy  values  practically  achieved  are  at  least  twice  as  good 
as  the  more  versatile  instruments  of  the  second  classification.  The  instruments  sur¬ 
veyed  which  fall  into  this  classification  are  listed  in  Table  Vn. 

4. 1. 2.  Working  Standards  for  Altimeter  Calibration. 

The  working  standards  are  generally  characterized  as  instruments  having  somewhat 
less  accuracy  than  the  reference  standard  but  having  greater  flexibility  and  ease  of 
operation.  The  instruments  sun'eyed  which  fall  within  this  classification  are  listed  in 
Table  VUI. 

Items  1  through  6  are  mercurial  manometers  and  are  generally  considered  capable 
of  operation  as  a  reference  standard  if  careful  attention  is  given  to  the  measurement; 
however,  the  designs  are  such  that  ease  of  operation  are  favored  over  absolute  accuracy. 
Item  5  requires  special  mention  because  of  the  exceptionally  high  accuracy  reported. 

This  instrument  utilizes  one  fixed  cistern  and  one  movable  cistern  interconnected  by 
flexible  tubing.  Mercury  level  within  the  cisterns  is  sensed  through  capacitive  means 
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TABLK  VII 


Clasilflcaitlon  I  (RMferenc*  SUwlard*) 


ITEM 

INSTRUMENT  TYPE 

MANUFACTURER 

lUCNTIFICATkON 

APPLICABLE  RANGES 

accuracy 

REFERENCK 

■ 

Modified  U-TiSm 

Haas 

Type  MS-2  Micrometer 
Standard  Barometer 

0-31”  Hg 

0-«2"  Hg 

0-100”  Hg 

*  .001”  Hg  lor 

each  30*'  aaotlon 
witii  occaalonal  random 
deviatmo  to  .002'*  Hg 

Maatilacturera 

Literature 

■ 

Pneumatic 

Piwton -Cylinder 

Oynametrics 

Model  PPS-SOO 

0. 2-lS  pel  (0. 1  pel  incremonta) 

0.  S-60  pal  (0. 5  pal  Incrementa) 
l-ISO  pai  (1  pal  Incremental 

*■  .  015  peroaat  of 
range 

Manufacturers 

Literature 

3 

Pneumatic 

Piston -Cylinder 

Conaolidated 

Clectrodynamica 

Corporation 

Model  8^201 

0.3-1.  5  pai 

0.3-5  pni 

1.5-15  pal 

(Iperoutf. «.  lucre- 
menu  C^r  all  rMgM) 

i  .015  percent 
of  i-eadlag 

Manufacturera 

Literature 

4 

Pneumatic  Platon - 
Cylinder  (Digital 
Readout) 

16  allace  O. 
Le'^nard,  Inc. 

Leonard  Primary 
Preiaure  Standard 

.4  to  250  pai 

.01  percent  f.  a.  lo 
.  02  percem  of  raad- 
ing  for  each  of  three 
rangea 

Manufacturera 

Literature 

5 

Tilting  Pneumatic 
Piston-Cylinder 

Ruaka 

_ 

Ver 

.3-lS  pal( 

2"MK>  paig 

1  1 

0-.  3  paig 

0-2  paig 

teal* 

.01  percent  f.  a. 

.01  percent  reading 

ned* 

.  01  percent  f.  a. 

.01  percent  rending 

Manufacturers 

Letter 

*  Tentative  Repeatability  Figurea.  unita  expected  to  be  marketed  in  11162. 


TABLE  VIII 

Claaalfication  2  (Workiim  SUndania) 


1 

ITEM 

INSTRUMENT  TYPE 

manufacturer 

identification 

APPUCABLE  Ranges 

-  - 1 

ACCURACY 

reference 

Mercurial  Manometer 

Haaa 

A-1 

Barometer 

0-31’'  Hg 

.026  percent  f.  a. 

T.O.N0.33A7-4-2-1 

0 

Mercurial  Manometer 

Haae 

0-31"  .Range 

Mercurial  Barometer 
MIL  Spec  B-4309B 

0-31"  Hg 

.004’'Hg  with  use 
of  calibrntioa  chart 

Manufacturera 

Utarature 

B 

Mercurial  Manometer 

Ideal -Aerosmith 

OFF-SET  Cietem 

0-30"  Hg 

.005"  Hg 

Manufacturers 

Literature 

B 

Mercurui  Manometer 

Ideal-Aercsmith 

U-Tub« 

0-30”  Hg 

.003"  Hg 

Manufacturers 

Literature 

5 

Mercurial  Manometer 

ideal -Aerosmith 

Double  CUtem 

Nulling  Manometer 

0-33"  Hg 

.0003"  Hg 

Manufacturers 

Literature 

6 

Mercurial  Manomefer 

Exactel 

Series  500 

Se  rv  0  ro  ano  me  te  r 

0-32"  Hg 

.004"  Hg 

Manufacturers 

Literature 

7 

Force  Balanced  Bellows 

Conaolidated 

Elect  r>.xlynamict 
Corporat  ion 

Elect  romanometer 
System 

a  1. 5  pal 

1  5.  0  pai 
a  13  pai 

Leas  than  .  05 
percent  f.  a.  drift 
in  6  h  urs 

Miiiufacturers 

Literature 

8 

IViancko 

Type  Q3403 

0-15  pal 

.  04  perc'ent  f.  s. 

Manufacturers 
BuUetm  loCA 

y 

i'Juartz  Pressure  Gage 

Buck 

Fused  Quarts 
Transfer  Standai  1 

0-1"  Mg 

0-40"  Hg 

.  0o33  percent 
f.  s.  repeatability 

Manufacturers 

Literature 

iO 

Diaphragm.  Gas  Reference 

Rose  mount 

Reference  Pressure 
Cell  Model  802A 

0-200"  Hg 

t(.001"  Hg« .  003  percent) 
per  year  stsbtlity 
(tentative) 

Manufacturers 
Bulletin  460-'7 

11 

U.S.  Science  Corp. 

Univerasl  Barodyno 

.8-120"  Hg 

s  .07  peicenl  of  pressure 
or  .002"  Hg 

Manufacturers 

Letter 

12 

Pressure  Capsule 

Fischer  and  Porter 

Press  -I-Cell 

0-80.000  ft. 

l»  n.  at  10,000 

56  ft.  at  40,  000 

358  ft.  al  80.  000 

Manufs4*turera 
CMalo^  -  -lOJ 
dptK-,  11-1321-1 

13 

Servo-lorce  balsnced 
Piston  Cyllrder 

Dynametnes 

Model  PB-500 
Platon  Beam 

0-15PS1 

.  025  percent  f.  s. 

.001  pai  resolution 

Manu(«vturir» 

iaCitcr 

and  r^alauced  to  a  given  poaition  by  vertical  motion  of  the  movable  cistern.  Column 
hei^  la  indicated  through  &  lead  acrew. 

Itema  7  through  10  and  12  and  poaaibiy  Item  11  (no  descriptive  literature  is 
available  on  the  sensing  mechanism  for  Item  11)  use  high  precision  spring  elements 
either  directly  or  indirectly  through  a  force  balance  system  to  give  an  analog  signal 
of  applied  pressure.  An  evacuated  clmmber  on  one  side  of  a  precision  spring  seal 
serves  as  a  pressure  reference  for  these  devices.  Item  10  is  unique  in  that  the 
pressure  reference  chamber  is  not  evacuated  but  is  filled  with  gas  to  give  one  discrete 
pressure  setting  for  the  minimum  energy  position  of  the  precision  spring  seal. 

Item  13  is  an  adaptation  of  the  conventional  piston  gage  and  is  designed  to  give 
analog  readings  through  force  balancing  of  the  piston  rather  than  through  direct  use 
of  dead  weights. 

With  regard  to  the  reference  standards  tabulated  in  Table  Vn,  it  is  of  interest  to 
note  the  relative  accuracy  curves  in  terms  of  feet  of  altitude  rather  than  units  of 
pressure.  Figure  11  shows  the  oon^)ari8on  between  an  accuracy  specification  given 
as  ,001  inch  Hg  and  an  accuracy  specification  defined  as  .015  percent  of  pressure. 
These  figures  correspond  to  the  best  accuracy  figures  quoted  by  the  reference  standard 
manufacturers.  It  should  be  noted  that,  in  terms  of  feet  of  altitude,  the  .  015  percent 
of  pressure  curve  is  almost  flat  compared  to  a  rapidly  increasing  error  at  high  <Jtitude 
for  a  fixed  pressure  error  of  .001  inch  Hg. 

4.  2,  ADDITIONAL  ALTIMETER  CALIBRATION  STANDARDS  AND  TECHNIQUES 
UNDER  DEVELOPMENT. 

In  addition  to  the  items  documented  in  Tables  VII  and  VIII,  information  has  been 
received  on  several  items  recently  developed  or  presently  in  a  developmental  state. 

4, 2, 1,  Manometry  Dc  /elopment. 

There  have  been  many  developments  in  the  past  ten  years  which  have  increased 
the  ease  of  operation  of  the  off-set  system  style  barometers  while  preserving  high 
accuracy.  These  developments  include  better  cistern  and  cistern -tube  passageways 
to  minimize  leaks  and  bubble  entrapment,  use  of  temperature  controlled  cabinets 
housing  and  manometer,  electrical  meniscus  sighting  devices  with  remote  indication, 
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prMSure  oonii«ctk>n0  on  the  reference  tide  to  that  the  reference  vacuum  may  be 
monitored ^oonlinuoutly  at  the  top  of  the  reference  tube,  remote  petitioning  mechanisms 
fur  poiitioning  of  the  meoiacut  indicating  apparatus,  and  precise  pressure  controllers 
which  automatically  hold  a  pressure  setting  on  command  of  the  electrical  meniscus 
IndicaUng  apparatus.  The  development  trend  for  the  off-set  cistern  barometer  systems 
is  definitely  toward  remote  console  control  and  indication  of  a  pressure  setting. 

The  Hass  Installment  Corporation  expects  to  market  a  pushbutton  control  console 
for  the  offset  cistern  barometer  before  1963.  The  pushbuttons  will  automatically 
establish  a  predetermined  discrete  pressure  or  altitude  setting.  Further  development 
by  this  manufacturer  calls  for  automatic  stepping  through  a  pre-set  sequence  of  altitude 
points  or  photographic  recording  of  altimeter  indications. 

The  other  off-set  cistern  barometer  manulacturers  also  have  remote  indication 
and  control  features,  along  with  their  own  precision  servo  actuated  pressure  controllers. 

Exactel  Instrument  Company  is  developing  a  t)  -tube  servo  manometer  incorporating 
two -inch  bore  tubes.  This  instrument  will  have  facilities  for  verifying  length  calibration 
through  use  of  gage  blocks. 

4, 2, 2.  Non-Mercurial  Calibration  Standards  Development. 

The  Buck  Instrument  Company  is  adding  a  servo  valve  to  their  fusei  quartz  transfer 
standard  which  will  be  supplied  as  an  accessory  to  allow  presetting  and  maintaining  of  a 
given  check  point. 

The  Ro8enK}unt  Engineering  Company  has  modified  a  design  of  their  Reference 
Pressure  Cell  in  order  to  give  an  optional,  electrical  adjustment  of  the  setting  of  an 
individual  RPC  cell.  This  feature  allows  adjustment  over  an  approximate  range  of 
0, 1  inches  of  mercury.  This  company  is  also  developing  accessory  equipment  which 
will  permit  semi-automatic  and  automatic  altimeter  calibration. 

The  TriDyne  Corporation  is  developing  a  force  balanced  piston  cylinder  type 
instrument  and  the  lowest  standard  range  is  20  paia.  Accuracy  is  reported  as  ±  .025 
percent  f.  a.  The  force  is  supplied  through  a  servo  driven  poise  weight  on  a  bail  lead 
screw  and  an  evacuated  reference  bellows  serves  as  a  pressure  reference. 
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4.3.  PROCEDURAL  DEVEI/)PMENTS. 

The  developments  that  are  presently  taking  place  in  the  procedures  of  Air  Force 
altimeter  calibrations  and  that  might  be  oonsldered  for  further  development  have  been 
divided  into  those  pertaining  directly  to  the  calibration  equ4>ment  am!  those  pertaining 
the  calibration  of  the  altimeter. 

4.3.1.  Altimeter  Calibration  Equipment. 

The  Air  Force  is  presoitly  in  the  process  of  renovating  the  procedure  for  main¬ 
taining  accuracy  on  the  altimeter  calibi  ation  instruments.  This  is  being  acoompliehed 
through  use  of  piston  cylinder  type  reference  Btandarde,  as  listed  in  Table  Vn.  These 
reference  standards  will  be  established  at  approximately  100  bases  throu^iout  the 
world  and  will  be  referenced  periodically  to  simiiar  standards  maintained  at  the  Heath 
facilities.  The  units  at  the  Heath  facility  will  be  calibrated  on  a  rotational  basis  at  the 
Bureau  of  Standards,  These  reference  standards  then  are  utilized  to  maintain  the 
accuracies  of  the  A-1  type  barometers.  This  procedural  development,  if  coupled  with 
the  recommendations  for  Improved  operator  techniques  of  the  A-1  barometer  given  in 
Section  3.2,  should  result  in  an  accuracy  of  the  order  of  magnitude  calculated  in 
Section  3.  2. 1. 5.  If  further  improvement  is  required,  the  items  listed  in  Table  Vm 
£md  the  items  discusseu  in  Section  4  must  be  considered  to  be  used  in  lieu  of  the  A-1 
type  barometer,  or  in  some  cases,  In  conjunction  with  the  A~i  barometer.  The 
improvements  in  manometry  techniques  given  in  Section  4. 2  definitely  tend  toward 
greater  ease  of  operation,  but  at  the  same  time  tend  toward  less  portability.  At  the 
periodical  calibration  checks  against  a  reference  standard,  the  reference  standard  and 
the  wo  "king  standard  must  be  trough  together,  which  requires  that  one  or  the  other 
be  quite  mobile  or  portable.  An  alternate  solution  Is  the  use  of  a  highly  accurate  and 
portable  transfer  standard.  Items  7  through  12  aixi  possibly  item  13  have  the  advantage 
of  being  higWy  portable  and  some  of  these  can  also  classify  in  the  same  accuracy  range 
as  the  mercurial  working  standards.  The  nonmercurial  workiag  standards  do  not  have 
the  mercury  contamination  problems  and  periodic  cleaning  procedures  that  are 
associated  with  the  mercurial  standards.  They  also  do  not  have  the  inertia  of  a  column 
of  mercury'  to  contend  with,  so  that  tneir  response  time  is  generally  much  faster  and  in 
most  cases  they  do  not  require  a  vacuum  reference  of  an  active  nature. 


4.3.2.  Ammeter  CallbraUaa  Procedures. 

The  small,  but  nevertheless  significant  magnitude  of  the  Inelastic  errors  of  the 
precision  altimeters,  as  discussed  Ir.  Section  3.3.  indicates  that  a  better  procedure 
for  determining  scale  error  envelope  may  be  determined.  For  further  improvement 
in  this  area,  it  la  recommended  that  a  large  group  of  altimeters  be  i>abjected  to  testing 
al'>ng  the  pattern  established  In  Section  3.3. 2  and  at  temperatures  corresponding  to  the 
e.xtremes  that  can  be  expected  under  service  oondltlons.  This  data  would  give  envelop>es 
analcgous  to  the  envelope  shown  on  Figure  2,  and  under  cert^M  8er\'ice  conditions  the 
calibration  of  the  altimeter  could  b  expected  to  fail  anywhere  within  this  envelope.  A 
study  of  onvelopes  encountered  by  altimeters  in  service  condition  then  could  be  utilized 
to  give  the  best  statistical  calibration  for  scale  error  of  any  one  altimeter,  and  expected 
deviations  from  this  calibration  for  a  different  flight  envelope  could  be  estimated.  With 
the  advent  of  semi-automatic  and  automtitic  calibration  facilities  it  eppears  that  a 
superior  procedure  for  determining  the  best  sbitistical  scale  error  calibration  and 
deviations  from  this  scale  error  calforation  <»uld  be  devised. 
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SECTION  5 


INFLUENCE  OF  PRESSURE  SYSTEM  LEAKAGE  AND  PRESSURE  LAG 
ON  AIRCRAFT  STATIC  PRESSURE  MEASUREMENTS 

A  leak  in  the  8t«itic  pressure  system  of  an  aircraft  will  cause  a  flow  of  air 
through  the  connecting  tubing  of  the  system  and  therefore  a  breathiiq;  of  air  in  anJ 
out  of  the  pressure  sensing  orifices.  The  situation  is  identical  to  an  aircraft  in  a 
dive  or  climb.  In  fact,  leakage  rates  are  usually  specified  in  terms  of  rate  of 
descent  or  feet/ min.  The  rate  of  allowable  static  system  leakage  q>ecified  in 
Section  4. 4. 3.  2  of  MIL -P -26292  is  1000  ft,  min  at  an  initial  condition  of  50, 000 
ft.  (test  performed  near  sea  level  conditions).  The  specifications  for  altimeters  are 
much  tighter.  Military  Specification  MIL-A-27229A  (USAF)  for  the  AAU-8/ A 
Altimeter  specifies  100  ft/ min  at  an  initial  condition  of  18,000  feet  (test  performed 
near  sea  level  conditions). 

Flow  through  the  connecting  tu*^^  ing  will  subject  the  system  instruments  to  a 
pressure  different  from  the  pressure  sensed  at  the  orifices.  This  is  the  well  known 
pressure-las:  error  (see  References  17  and  18)  and  is  dependent  on  the  static  system 
L.strUi  ..;^at  volumes  as  well  as  the  lengtli  and  internal  diameter  of  the  oonnecting 
tubings.  A  in  or  out  of  the  static  orifices  will  produce  another  error  which  is 
causea  by  a  pressure  drop  across  the  orifices  and  disturbance  of  the  external  flow 
past  the  orifices.  Both  of  these  types  of  errors  will  be  discussed  in  the  following 
paragraphs. 

5. 1.  PRESSURE  LAG. 

The  maximum  allowable  lag  for  an  aircraft's  static  pressure  system  is  shown 
on  Figxire  4  of  MiL-P-26292.  The  pressure  Lag  at  the  major  transducer  and  at  the 
instrument  panel  is  specified  In  terms  of  maximum  rate  of  climb  of  a  vehicle  for  an 
altitude  of  50,000  feet.  Altitude  error  equivaloice  for  the  ■^owabie  pressure  lag 
can  be  obtained  from: 

^  dH 

AH  -  X  —  (U) 

where: 

AH  =-■  Pr;  ssure-altitudc  error,  ft. 

A  =  Pre-ssure  lag  consvani,  aec. 

=  Rate  of  climb,  ft/  sec. 
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Under  the  conditions  fv>r  deteniiin*''g  system  la<?  stated  in  paragraph  4. 4. 5. 2  of 
MIL-P-26292,  the  lag  consrant  v/iU  consist  entirely  of  viscous  and  acoustic  lag 
terms.  The  lag  due  to  aerodynamic  Interference  of  the  external  flow  caused  by  air 
breathing  !n  or  out  of  the  static  orifices,  reported  in  Section  5. 2,  can  be  determined 
only  under  actual  flight  oonditiona  or  by  wind  tunnel  testing.  Assuming  that  acoustic 
lag  is  small  compared  to  viscous  lag,  as  explained  later  in  Section  5. 1. 2,  and  that 
the  temperature  of  the  static  pressure  system  is  near  sea  level  standard  ocmditions, 
i.  e. ,  Tj,  -  518. 69^  R,  the  allowable  system  lag  for  any  altitude  can  be  approximated 
by  using  the  viscous  lag  relationship 

P 

X  =  X  „  (12, 

where  P  is  the  static  pressure  and  subscript  **  0”  refers  to  standard-atmosphere  sea 
level  conditio  ns. 

The  allowable  static  lag  at  the  major  transducer  and  at  tlie  instrument  panel  as 
a  function  of  altitude  and  maximum  rate  of  climb  of  a  vehicle  is  shown  in  terras  of 
altitude  error  on  Figures  12  and  13  respectively.  The  allowable  error  is  consider¬ 
ably  larger  for  the  Instrument  than  for  the  major  transducer.  It  also  increases 
with  the  maximum  rate  of  climb  capabilities  c  '  the  aircraft,  although  for  rates  of 
climb  beyond  60, 000  ft/ min  there  is  a  definite  leveline  off  of  the  curve,  Figures 
12  and  IS,  therefore,  indicate  that  superson. high  performance  axrcraft  car  have 
a  larger  allowable  pleasure -altitude  lag  error  than  slower  aircraft  if  they  climb  at 
rates  near  their  maximum  capabilities  even  though  their  allowable  lag  constant,  X  , 
must  be  held  to  a  lower  value.  However,  it  should  be  noted  that  the  altitude  errors 
sbowm  correspond  to  maximum  rates  of  climb  and  will  be  less,  by  direct  proportion, 
for  slower  rates  oi  climb. 
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ALTirUOe  ERROR,  FT. 


SO.OOO 


10,000 


FK3URE  12 


EQUIVALENT  ALTTfUDE  ERROR 
STATIC  PRESSURE  SYSTEM 
4  OF  MIL- P~  26292  FOR 
FEET.  ERRORS  AT  OTHER 
STANDARD  ATMOSPHERE 


nOURE  13 

FOR  MAXIMUM  ALLOWABLE 
LAG  A.3  SHOWN  ON  FIGURE 
AN  ALTITUDE  OF  50,000 
ALT!U>DES  COMPUTED  USjNG 
PRESSURE  VARIATIONS. 
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6. 1.  i.  ViBootts  Lag. 

Air  flowing  through  the  connecting  tubing  of  an  aircraft's  static  pressure  system 
when  there  is  a  leak  in  the  system,  or  when  the  vehicle  is  in  a  dive  or  climb,  causes 
a  pressure  drop  between  the  pressure  ports  and  the  receiving  instruments.  This  is 
the  viscous  lag  of  the  system  and  can  be  expressed  for  moderate  flow  rates  as: 


\  -  128^  L 
^  ~  4 

rro  P 


(13) 


where: 

^  =  coefficient  of  viscosity 
L  =  length  of  tubing 
D  =  internal  diameter  of  tubing 
P  =  static  pressure 

=  volume  downstream  of  ti'Jbing 
=  volume  of  tubing 


In  an  actual  aircraft  installation,  Equation  (13)  must  be  evaluated  for  each  length  of 
tubing  between  the  static  port  and  the  instrument  for  which  the  lag  is  to  be  deter¬ 
mined.  All  the  individual  lag  constants  are  then  added  to  obtain  the  total  lag. 

For  this  report  we  assumed  a  realistic  total  instrument  system  volume  of  100 

3 

in.  to  determine  what  altitude  error  wculd  exist  for  a  leak  in  a  pressure  line  10 

feet  from  the  static  orifices.  The  results  are  shown  on  Figime  15  as  a  function  of 

internal  diameter  of  the  tubhtg.  The  leakage  rate  used  was  1000  ft/  min  which  is 

the  allowable  ratij  stated  in  Section  4.4.3.  2  of  MtL“P-26292  for  an  entire  static 

system.  The  coefficient  of  viscosity,  was  evaluated  at  sea  level  standard 

temperature.  During  flight  the  average  temperature  of  the  -ir  in  the  static  system 

could  vary  considerably  from  this  value  but,  as  shovrii  on  Figure  14,  ^  is  not 

greatly  dependent  on  temperature,  i.  e. ,  a  100*  R  temperature  change  from  sea 

level  conditions,  T  =  513.  69*  R,  will  cause  only  about  a  15  perceiit  change  in  the 
o 

coefficient  of  viscosity. 
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The  vi8C30us  lag  error  varies  as  the  fourth  power  of  the  tubii^g  diameter.  For 
the  example  >at  40»  000  feet  ab)wn  on  Figure  15,  the  altitude  error  equivalence  of 
viscous  lag  can  be  decreased  from  15. 3  ft.  to  0. 51  ft.  by  increasing  the  inside 
diametiir  cf  the  tubing  from  0. 15  inch  to  0.305  inch*  the  diameter  specified  in 
Paragraph  ?.4. 6. 1  of  lyflL-P -26292.  The  altitude  errors  shown  on  Figure  15  for 
the  recommended  diameter  of  0. 305  inch  and  the  allowable  leakage  rate  of  1000  ft/  min 
is  small,  reaching  a  value  of  only  IS.  5  feet  for  an  altitude  of  100, 000  feet.  However 
the  errors  shown  are  for  a  specific  exarsple  and  the  magnitude  of  altitude  error  will 
be  dependent  on  the  location  of  a  pressure  leak  in  the  system  and  will  be  lai  gest  if 
the  leak  is  close  to  the  instruments  because  L  from  leak  to  ports  is  iimxinum. 

5. 1. 2.  Acoustic  Lag. 

The  acoustic  lag  is  the  time  for  pressure  propagation  through  the  static  system 
tubing  and  is  defined  as  follows: 

\-T 

where:  ”  a"  is  the  local  speed  of  sound  inside  the  tubing. 

From  Eq.  (11)  we  can  obtain  the  equivalent  altitude  error: 


AH 

a 


JL  ^ 
a  dt 


(15) 


Using  the  above  example  for  a  pressure  leak  10  feet  from  the  static  orifices,  a 
leakage  rate  of  dH/dt  =  1000  ft/ min,  and  assuming  "a”  =  -  1116.4  ft/ sec,  the 

altitude  erx-or  due  to  acoustic  lag  will  be  0. 15  ft.  This  value  is  small  compared  to 
the  viscous  errors  shown  on  Figure  15. 

The  conclusions  that  may  be  reached  regarding  viscous  and  acoustic  lag  are 
that  the  resulting  pres  sure -altitude  errors  will  be  small  if  the  connecting  tubing 
has  ;m  internal  diameter  of  0. 305  inch  or  greater,  if  the  leakage  values  are  moderate 
(1000  ft  of  altitude  per  minute)  and  if  the  static  system  volumes  are  moderate  (about 

3 

100  in.  ).  For  higher  values  of  leakage  or  climbing  rate  or  larger  system -volumes, 
errors  increase  in  direct  proportion  (see  Equation  13  used  to  calculate  Figure  15 
results). 
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5. 2.  PRESSURE  ERRORS  CAUSED  BY  FLOW  THROUGH  STATIC  PRESSURE 
ORIFICES. 

A  leak  in  an  aircraft's  static  pressure  system  will  produce  a  breathing  of  air  in 
or  out  of  the  pressure  sensing  orifices.  Flow  through  the  static  orifices  will  intro¬ 
duce  two  types  of  pressure  errors;  one  is  the  pressure  drop  across  the  orifices  and 
the  other  is  caused  by  disturbance  of  the  external  flow  field  past  the  orifice. 

The  influence  of  external  interference  effects  of  flow  fftrough  pitot-static  tube 
static  pressure  orifices  at  supersonic  Mach  numbers  and  angles  of  attack  has  been 
investigated  by  the  NASA,  Reference  19.  Resulti^  and  parameters  from  Reference 
19  have  been  incorporated  in  the  present  analysis^  together  with  additional  subsonic 
wind  tunnel  data  obtained  at  REC,  to  predict  typical  leakage  effects. 

Wind  tunnel  tests  were  run  at  REC  to  determine  the  magnitude  of  the  orifice 
errors  for  subsonic  flow  using  the  USAF  Type  MA-1  pitot-static  tube.  The  test 
set-up  for  measuring  the  subsonic  orifice  pressure  error  as  a  function  of  mass 
flow  through  the  orifices  of  an  MA-1  is  shown  as  Figure  16,  Manometers,  with 
1. 04  specific  gravity  oil,  were  used  to  obtain  accurate  differential  pressure 
measurements.  A  static  tap  on  the  tunnel  wall  was  used  as  a  reference  for  measure¬ 
ments  of  the  static  pressure  (P  )  variations.  Mass  flow  through  the  static  orifices 

s 

was  controlled  by  a  mass  flow  measuring  capillary  temperature  controlled  In  an  ice 
bath,  A  pre“C<x>ler  coil,  placed  in  LN^,  was  used  to  remove  water  vapor  from  the 

lb' 

air  before  it  passed  through  the  control  capillary.  The  tests  were  run  in  th«  RFC 
TranKJnic  Wind  Tunnel,  rectangular  3.6  inch  x  17  inch  test  section,  at  M  =  0.5  and 
0.  7  for  0  and  10*  angles  of  attack.  Atmospheric  total  pr'^ssure  and  total  tempera¬ 
ture  conditions  were  used.  Mass  flow  passing  out  thro»tgh  the  o.  ffices  was  varied 

-7 

from  0  to  approximately  3.5  xd^O  sltogs/ sec  for  each  Mach  number,  angle  of 

attack  condition.  Results  of  the  experiment  are  on  Figure  17;  pressure 

error,  •  .  <P  -  P  '/P  .  ,  is  shown  as  a  function  of  mass  flow  parameter 
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where: 


P  =  static  pressure  at  sensing  orifices. 

8 

^ref  ""  static  pressure  reference  from  tap  located  on  wall  of  wind  -tunnel 
test  section. 


mass  flow,  slugs/  sec,  determined  from  pressure  drop  across 
mass  flow  measuring  capillary. 

=  wind-tur^el  or  free  stream  static  density  determined  from 
and  static  temperature  in  the  tunnel  test  section. 

=  wind-tunnel  or  free  stream  velocity 

total  cross-sectional  area  of  static  orifices. 


As  shown  on  Figure  17,  the  pressure  error  did  not  go  to  zero  for  zero  mass  flow. 
This  is  due  to  an  inherent  pressure  differaace  between  the  wall  static  reference  used 
to  set  the  tunnel  Mach  number  and  the  static  pressure  as  measured  by  the  MA-1. 

The  difference  does  not  effect  the  reliability  of  the  results  since  the  change  in  pitot - 
static  tube  pressure  reading  with  orifice  flow  rate  (e^  with  is  the  measurement 
of  concern. 

Data  plotted  on  Figure  17  includes  the  effect  of  pressure  loss  across  the  static 
orifices  as  wall  as  the  pressure  error  caused  by  disturbing  the  external  flow  past 
the  orifices.  Pressure  drop  across  the  static  orifices  of  the  MA-1  as  a  function  of 
small  ait  velocities  through  the  orifices  was  determined  separately  and  is  shown  as 
Figure  18.  This  data  was  obtained  with  no  external  flow  over  the  tube.  The  dimen¬ 
sionless  pressure  error  (e  J  In  this  low  mass  flow  r  uige  is,  within  experimental 

Li 

accuracy,  a  linear  functioi  of  velocity  threogh  the  orifices.  From  the  sic^  de^^,  dv^ 
-6 

8  X  10  rec/ft,  the  magnitude  of  the  error  due  to  pressur-  drop  across  the 
orifices  with  respect  to  the  over-all  pressure  error  with  extemaJ  flow,  Figure  17, 
can  be  obtained  from  the  relationship; 


w 


2  2 
/ - \  - ^ 

^  m 

2 


de„ 

I — •  V 


P  V  A 

*  <*  g 


(16) 
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Using  aa  average  value  of  from  the  experimental  values  for  M  0. 6  and  0.7, 
the  pressure  error  due  to  pressure  drop  across  the  orifices,  de«/dC^  was  subtracted 
from  the  total  error,  de/dC  ,  to  obtain  the  pressure  error  (deVdC  )  due  to 

M  X 

disturbance  of  external  flow  past 'the  orifices. 

Figure  19  shows  the  rate  of  ciumge  of  static  pressure  error  caused  by  dis¬ 
turbance  of  externa!  flow  past  the  orifice  with  rate  of  change  of  mass -flow  coefficient, 
de^/ as  a  function  of  Mach  number.  Also  shown  on  Figure  19  are  transonic  and 
supersonic  values  of  de,/dC^  obtained  from  References  19  and  20.  In  Reference  19 
the  orifice  errors  were  obtained  to  simulate  an  aircraft  in  steep  angles  of  climb  or 
dive  and  therefore  ths  data  was  obtained  ovc  ~  a  greater  range  of  mass  flow  than  our 
present  data,  1.  e, ,  from  0  to  ahc  d  2. 2  x  1C  2.9  x  lo”^  and  3.7  x  10  slugs/ sec. 
for  the  Mach  numbers  of  2.  3.0  and  4.0,  respectively.  The  extensive  data  obtained 

in  Reference  19  showed  a  linear  variation  of  e,  with  C  and  therefore  should  be  apoli- 
cable  fo  small  leakage  rates  on  the  order  of  5,000  ft/ min  in  the  tropopause,  which 
was  about  the  maximum  mass  flow  rate  used  in  the  present  investigation.  Results 
from  Reference  19  also  indicate  that  de  /dC  is  essentially  independent  of  angle  of 
attack  up  to  +15* .  The  data  shown  on  Figure  17,  for  an  angle  of  attack  of  10*  , 
appears  to  verify  this  postulation,  altboogh  there  was  a  fair  amount  of  scatt^er  in  the 
a  =  10*  data.  The  transonic  data  from  Reference  20,  shown  on  Figure  19,  was 

obtained  using  a  British  Mark  9  A  Pitot-Static  Head.  This  data  was  also  for  large 

-5 

mass  flow  leakage  rates  up  to  2  x  lO  slugs/ sec. ,  and  for  zero  angle  of  attack. 

A  semi-empirical  anadysis  for  determining  static  pressure  system  leakage  error 
is  given  in  the  following  analysis.  If  a  fix-Hl  volume  system  is  considered  as  well  aa 
the  perfect  gas  law, 

p  V  =■  m  R  T  (IT) 

and 

dp  dm  R  T  m  R  dT  , 

dt  dt  V  V  dt  '  * ' 


Jji  r-:-^xT  ’ 


and  if  the  system  is  at  constant  temperature  or  ioothermal,  iMd^ch  is  the  ccs#  for  an 
aircraft  system  under  moderate  leakage  or  climb  rates,  then 

SL.  .  a  .  i  RT  ,18, 

dt  dH  dt  V  '  ' 


*  dp  dH  V 

J3J  = 

dH  dt  R  T 


(18’) 


m  =  -o 


dt  R  T 


(18'  •) 


where 


.  ^ 
dH 


P  =  density 
H  =  pressure  altitude 


The  mass  flow  parameter  was  defined  earlier  as: 


C  =  ra/ip  V  A  ) 

'5V  '  g' 


wherv 


m  =  mass  flow  rate 
0  =  free  stream  density 

=  free  stream  velocity 
A  =  area  of  st  die  orifices 


or  from  (18*  ') 


dH  V 

dt  ”  H ' 


w  P  V  A 
»  "  8 


-m  V 
di  ’  R  T 
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The  preaeure  ratio  parameter  is: 

APi  ft  -  P_  _ 

e  ^  ^  - eo  (21) 

P^  ~  indicated  pressure  with  air  flow  through  the  static  orifices 
P^  =  true  static  pressure 

The  results,  for  constant  Mach  number,  have  been  shown  to  be  nearly  linear  with  gas 
flow  rate  and  not  largely  dependent  on  angle  of  attack.  Thus, 


w 


C 

w 


and 


AH 


w 


where 

AH  =  altitude  sensing  error,  ft, 

T^  =  atmospheric  temperature,  *  R 

then 


AH 


dei  dH 
d  C  ’  dt 


V  A  * 

a>  g 


(?2) 


(23) 


(24) 


where  subscript  ”  i"  refers  to  instrument  system 

1/2 

let  V  -  M  a  --  M.  -49. 1  (T  )  ‘  ,  then 

05  WOD  OO  ’ 
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where  =  constant  =  2. 83  x  10 


D 


=  Altitude  parameter  which  Is  relatively  constant  in  the  standard 
atmoRphere  varying  from  22.8  at  sea  level  to  19. 7  in  the  tropopause,  T  in  *  R. 

a 

-  Experimentally  astsrmined  influence  of  orifice  outflow  from  Figure  19, 


-  Static  system  design  parameter. 

3 

Vj  instrument  system  volume,  in.  ‘ 

T  --  instrument  system  temperature,  *  R 

2 

A  =  area  cf  static  orifices,  in. 

8 

-  Rate  of  climb  or  leakage  parameter.  The  form  of  this  parameter  is 
convenient  since  leakage  rates  are  usually  expressed  as  altitude 
rates.  Units  are  in  ft.  / ndn. 


The  resulting  equation  (25)  permiic  .Iiv  dcuiation  of  the  extemal  Isierfercnce  static 
pressure  ei.  jr  due  to  leakag'  as  a  funcUca  altitude,  Mach  number,  static  system 
geometry,  and  leakage  o  r  rate  of 

The  parameter  fo,*  %rei,aure  drop  aero*:*  the  orifices,  is  independent  of  axtsraai 
Mach  number  and,  as  sh-  wn  cn  Figur  e  .8,  varies  linearly  with  velocity  throogh  the 
orifices.  The  f*'  vi  g  'an  be  used  to  determine  mass  flow  as  a  function 

of  leakage  ra  r,  stsr  pressui  Sj'Stem  parameters  and  altitude. 


m 


R  T 

i 


(26) 


where  is  the  static  density  at  altitude.  Using  the  pressure -altitude  error  relation¬ 
ship; 

A  P 

n  (27) 


and 


AP. 


d  e, 

_ 4 

d  V, 


.'V 


(26) 
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^  velocity  through  the  orifices,  the  following  expression  can  he 


« 


where 


m 


0  A 

s 


cotained  for  eltitude-pooltion  error  due  to  pressure  drop  across  the  static  orifices: 


The  constant  K.  =  1. 39  x  10 
when 

T  -  ‘R 

de^/dV^  8x10  sec/ ft. 
.  3 

Vj  '  m, 

T,  -  *a 

^  2 
A  =  in. 

8 


dt 


ft.  /  min. 


(29) 


£(;^tions  (28)  and  (29)  were  used  in  a:;  example  as  follow^: 


=  390*  F 
=  100  in.*^ 
=  500*  R 


236 


in 


(defined  by  the  g''<>met’y  of  t^ie  pitor.-atatic  tube  with 

fr)ur  ,062'^  inch  diaineh'‘r  st' t ic  o'lflces). 


m 

dt 


=  1000  It. /mln»  (this  number  is  defined  by  MIL-P -26292  and  is  assumed 
to  exifeil  in  the  example). 


The  1  3ulto  of  ti:e  calculation  are  indicated  by  Ftgxire  20.  A*  subsonic  Mach 
numbers,  the  predicted  leakage  effect  increased  to  7.0  ft,  at  M  ^  1,0,  and  increased 
with  increasing  supersonic  Mach  numbers  to  24.  .'t  ft  at  M  =  4.0,  The  error  due  to 
the  pressure  drop  acrocs  the  static  orifices,  -  0.0”  fU,  is  in  .'pendent  of  flight 
Mach  number  in  the  above  exsatiple  uod  fsmall  when  o-.  mpft"ed  to  the  av'rr.dj’'-amic 
Lnlerferenos  errors  AH,. 
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The  conclusions  that  may  be  reached  regarding  the  aerodynamic  ime^-fe^dcfe  'feci£ 

of  leakage  are  that  they  will  be  small  (see  example)  but  not  neg!  'blc  static 

2 

system  volumes  are  not  excessive  (200  in.  or  less)  and  leakage  vaiuea  are  isju/Jcrate 
(2, 000  ft.  of  altitude  per  minute).  It  should  bo  noted  that  tne  requirement  of  Set^tion 
4,4.  2  of  MIL-P -26292  allowable  leakage  rate  of  1000  ft.  /  min  at  an  initial  oonditkm 
of  50,000  feet,  (test  performed  near  sea  level  conditions)  is  severe  since  it  rei^sdres 
the  leakage  test  be  performed  with  about  i3  Ooid  aci-css  the  static  system.  However, 
in  pressured  aircraft,  the  diffeiantial  m*"’'  anpi*oa/h  value  for  components  of  the 
static  system  in  the  pressurized  area. 

The  Air  Force  flush  static  poit  installation  ahov/n  on  Figure  1  of  MIL-P-26292  has 
the  same  total  static  port  area  0.012  'n.  as  tlie  MA-1  Pitot -Static  Tube,  The 
flush  fuselage  installation  requires  Beven  0,  o47''  diameter  orifices  while  the  MA-1 
requires  four  0. 0625**  diameter  o’  ifices.  Although  not  verified  e>-:perimentally,  it  is 
expected  that  the  orifice  pressure  drop  through  flush  i^’selagc  installations  will  be 
similar  to  the  Figure  18  data.  In  the  fuselage  static  port  instaliationt  the  aerodynamic 
interference  may  be  considerably  less  since  the  orifice  flow  exhausts  Into  a  relatively 
thick  boundary  layer  as  compared  to  the  conditions  at  the  MA-1  pitot -static  tube  orifice 
location, 

EXAMPLE:  Figures  13  and  20  may  be  used  to  solve  any  leakage  or  rate  of  climb 

3 

altitude  error  problem.  If  we  consider  V  .  ^  200  in. 

™  -  2000  ft.  /  sec. 
ut 

H  -  40,  000  ft. 

D  -  0.305"  (dia.  of  static  line) 

M  -  1.0  (Mach  No.) 

From  Figi’.rr  15.  vlsjous  lag  ^0.9  ft.  for  100  in."  volume  and  1000  ft. /sec. 

80  tot'll  vss;K)us  iJitT  ift.  of  tJtltuoe)  ^  0. 9  X  4  -  3. 6  ft. 

From  Figure  z  ),  .  -umbined  interfe^’ence  and  oidfloe  pressure  drop  -  1. 0  ft 
{for  100  in.'^  and  1000  ft./ sec.) 

so  total  inteiierence  and  oriXic -  effect  7.  0  x  4  -  28.  0  ft 

anu 

all  eT'feets  3.6  *  28.0  -  3  5. 6  ft. 

5" 


SECTION  6 


PRESSURE  ERRORS  CAUSED  BY  DIMENSIONAL  VARIATION^  AND 
IRREGULARITSES  OF  ST  ATIC  PRESSURE  PORTS  ON 
PITOr-STATIC  TL^ES 

Wind  tumei  tests  wsr©  performed  at  REC  on  oeven  Model  852A  Pitot -Static  luuca 
that  had  variattons  in  the  angular  displacement  of  their  static  pert^.  The  REC  Model 
862A  is  an  Air  Force  Type  MA-l  deiced  P-S  tube  and  operates  on  11a  volts,  AC  or  DC, 
It  is  manufactured  in  accordance  with  MIL-P-25632B.  External  dimeneions  of  the  MA-1 
are  identical  to  those  of  the  USAF  TRU-1/ A  (REC  Model  850)  which  has  a  28  volt  AC  or 
DC  heating  unit  and  is  manufactured  in  accordance  with  MIL-P -2575TB.  Dimensional 
tolerances  of  these  P-S  tubes  must  be  held  to  rm  accuracy  that  will  permit  intei  change¬ 
ability  on  aircraft  without  introducing  unknowr;  aerodynamic  pressure  errors.  The 

external  tolerances  for  the  Type  MA-i  are  shown  on  Figure  1  of  MIL-P- 25632B. 

+  005 

There  are  four  0.0625  inch  diameter  static  boles  which  have  tolerances  of  ’  inches. 
Angular  displacement  for  each  hole  is  37.5*  ±0*  15’.  Pressure  errors  introduced  by 
angular  displacements  outside  this  i  0*  15’  tolerance,  which  corresponds  to  only  ±.0014 
inches  on  the  circumference  of  the  tiibe  if  the  0. 620  inch  nominal  tube  diameter  Is  used, 
is  discussed  In  the  following  paragraphs. 

The  seven  P-S  tubes  tested  at  REC  had  the  following  angular  displacements  for 
the  forward  static  holes: 

TABLE  IX 

Angular  Displace -neat  Included  Angie 

T”be  of  Forward  Static  Ports  Between  Static  Ports 


1 

38* 

16’; 

3r 

30’ 

75* 

46' 

o 

A. 

43* 

15*; 

32* 

15’ 

75* 

30’ 

3 

34* 

60’; 

40* 

10’ 

75* 

O' 

4 

41* 

19’: 

34* 

48’ 

75* 

V 

5 

36* 

0'; 

38* 

<:  f 

74* 

33’ 

6 

37* 

30’ ; 

35* 

36’ 

73* 

6* 

7 

3r 

11'  ; 

35* 

44' 

72* 

55’ 

58 


Those  P-S  tubes  were  selected  for  testing  because  they  represented  a  wide  variation  of 
static  hole  lo/iations  from  the  nominal  37.^  angular  displacement  from  the  vertical 
centerline  of  the  tube.  The  i  0*  15'  angular  tolerance  on  the  holes  is  exceeded  fbr 
each  tube.  Althou^  the  port  angles  are  given  only  for  the  forward  ports,  the  inline 
rear  ports  exhibited  approximately  the  same  angular  displacements.  Two  of  the  P-S 
tubes  tested,  No.  2  and  No.  3,  nad  external  burrs  in  the  immediate  vicinity  of  the 
static  ports.  Tests  were  made  with  these  burrs  on  and  after  the  burrs  were  removed. 
6.1.  TESTING  PROCEDURE. 


Tests  were  performed  in  the  REC  3.6  inch  x  17  inch  subB^.^'c  wind  tunnel.  The 
wind  tunnel  facility  is  described  in  Reference  21.  Data  was  obtained  using  the  accurate 
"pressure  differential"  method  where  a  flush  static  pressure  wall  tap  on  the  3.6  inch 
side  of  the  rectangular  test  section  was  used  as  a  reference  and  pressure  differential 
between  the  reference  tap  and  the  static  ports  on  the  P-S  tubes  was  measured  on  a 
water  manometer.  One  tube,  No.  1,  was  selected  as  a  reference.  Measured  pressure 
differential,  (P^  -  P^,  for  this  tube  was  used  as  a  reference,  or  zero  value,  and  .was 
subtracted  from  the  (P^  -  Pp  values  for  the  other  six  tubes  fo  obtain  -  P^ji  the 
pressure  difference  due  to  variation  in  the  angular  displacemont  o{  the  static  holes. 
This  method  gives  a  very  accurate  determination  of  the  minute  pressure  diff^raices 
v,aused  by  small  dixnensioaal  variations  of  the  Swatic  ports  and  does  not  introduce  the 
large  measuring  errors  tnat  would  result  if  absolute  values  of  static  pressure  were 
measured.  Each  P-S  tube  wa-^  tested  at  an  angle  of  attack  of  + 10*  and  Mach  numoers 
of  0. 3,  0.  5,  and  0.  7.  Two  tubes.  No.  1  and  No.  3,  were  also  tested  at  0*  and  ^^4* 
angias  of  attack, 

6.  PRESENTATION  OF  DATA. 


The  preasure -altitude  errers  c  ’used  by  angular  displacement  variations  of  static 
pressure  pwrts  on  the  seven  Model  652A  P-S  tubes  are  shown  on  Figures  21  and  22. 
Also  Included  on  these  graphs  are  the  errors  introduced  when  external  burn  are 
present  on  the  static  ports  of  tubes  No.  2  and  No.  3.  Sea  level  conditions  and  an 
angle  of  attack  of  »10*  were  used  to  iilustre*  the  axtreme  altitiide  errors  that  oould 


occur.  The  pressure  errors,  ”  ^r^*  c®®v®rted  to  altitude  errors  using  the 
relationship 

"A(P^  -  P  J 

^*^3L  "  P 

r 

Where  R  Is  the  gas  constant  v  -  ai  • 

Altitude  error  will  decrease  in  direct  proportion  with  the  absolute  static  temperature 
as  illustrated  in  the  following  table  for  standard  atmosphere  temperature  values. 


TABLE  X 

Static  Static  Temp. 


Altitude 

Temperature 

Ratio 

AH 

Sea  I.,evel 

518. 69*  R 

1,000 

100  ft. 

10, 000  ft. 

483. 04*  R 

0.9313 

93  ft. 

20, 000  ft. 

447. 43* R 

0.3626 

86  ft. 

30, 000  ft. 

411.86*R 

0.  79  tO 

79  ft. 

36,000  ft. 

389. 99* R 

0.71.19 

75  ft. 

to 


80, 000  ft. 

The  -»  10^  angle  of  attack  severe  with  respect  to  normal  flight  conditions  of  an 
airci^jft  and  can  be  realized  usually  only  under  low  speeti  landing  conditions.  A  typical 
flight  envelope  for  an  aircraft  f!ving  in  a  ’’clean*’  configuration,  taken  from  Figu’-e  6 
of  Reference  22,  is  shown  as  Figure  23.  For  a  q  of  187.  2  lu/ft",  the  maximum 
angle  of  attack  would  range  between  6*  and  7*  for  flights  from  sea  level  to  50,000  ft. 

An  indication  of  altitude  t  'ors  present  at  angles  of  attack  less  than  *  iO*  -voul  1  be  to 
use  a  linear  variation  with  angle  of  attack  for  the  errcirs  shtovn  in  Figs  ‘o  21:  i.e. ,  for 
3  =  ^5*,  the  errors  would  be  1/2  the  values  shown  on  Figure  21. 

The  tube.s  tested  had  a  wide  variation  in  the  an^lar  displacement  of  the  static 
ports.  Considering  only  the  data  cn  Figure  21  that  was  taken  for  tubes  wim  no  burrs 
presen',  on  the  static  boles,  we  see  that  very  small  errors  ace  introduced  at  M  =  0.3. 
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At  thi«  Mach  number,  which  is  in  the  vicinity  of  an  aircraft's  landing  speed,  the  total 
deviation  of  the  data  from  all  seven  tubes  is  iust  18. 0  feet.  At  M  ~  0. 5  and  M  =  0. 7 
the  total  deviations  of  the  data  is  68.0  feet  and  143. 1  feet,  respectively.  It  should  be 
noted  that  at  these  higher  Mach  numbers,  the  aircraft' s  angle  of  attack  is  usually  con¬ 
siderably  less  than  10*  and  the  aircraft  >^'Ould  normally  be  at  altitude.  The  above 

2 

errors,  reduced  to  correspond  with  the  187.  2  lb/ ft  line  on  Figure  23,  are 

min. 

shown  as  column  5  on  Table  XI.  It  should  be  noted  that  following  along  this 
line  is  also  an  extreme  condition  for  operation  of  most  aircraft.  .4n  indication  of  the 
accuracy  of  the  data  taken  can  be  obtained  from  the  two  sets  of  data  points  for  tube 
No.  7.  This  tube  was  run  twice  in  the  wind  tunnel  to  verify  the  magnitude  of  its  dis¬ 
placement  errors  and  the  data  agreed  within  -  10  feet  for  all  three  Mach  numbers. 

To  obtain  a  relative  order  of  magnitude  of  the  altitude  errors  shown  on  Figure  21, 
we  will  compare  them  with  the  errors  permitted  for  altlmetera  and  air  data  compitters. 
The  Air  Force  precision  pressure  altimeter.  Type  AAU~8/A,  has  its  permissible 
scale  errors  specified  in  MIL-A-27229A  (USAF).  The  Air  Force  Central  Air  Dapi 
Computer,  T}pe  MG-IA,  has  its  scale  error  specified  in  MIL-C-25653B  (USAF)  as 
±  40  feet  or  0.  2  percent  of  the  indicated  altitude  whichever  is  greater.  A  readout 
indicator  must  accompany  the  air  data  computer.  One  of  thede  indicators  io  the 
A/A24G-7  AmpUfler  *  Indicator  Group,  Altitude  -  Vertical  Speed,  which  has  its 
scale  error  called  out  In  MIL-A-27328  (USAF)  as  ±  25  feet.  This  error  must  be 
combined  with  the  air  data  computer  enor  to  obtain  the  overall  error  of  the  system. 

An  abbreviate<J  tabulation  of  the  above  scale  errors  is  showr.  in  Table  XI. 

The  total  deviation  of  the  data  shewn  on  Figure  21  can  be  used  as  an  indication 
of  repeatability  cf  pitot-static  tubes  wiln  the  range  of  hole  1  'cations  per  T^'ble  IX. 

From  the  data  there  '.ippears  to  be  a  deffoite  error  dependance  on  the  included  angl-^ 
between  the  static  pons.  Two  tubes  sted.  Ho.  6  and  No.  7,  had  included  angles 
for  their  ports  considerably  below  the  specified  75*  =  The  er. ors  for  these  tubes 
were  larger  than  those  for  the  retnsvdng  five  tubes,  all  of  which  had  included  angles 
near  75*  .  Included  anglee  f  less  than  75*  gave  a  aegaxlve  altitude  error  which 
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TABLE  XI 


COB«P ARISON  OF  ALTIMETER  SCALE  ERROR  TOLERANCES 

wath  the  errors  introduced  by 

STATIC  PRESSURE  PORT  ANGULARITY  VARIATIONS 


Standard 

Altitude 

(Feet) 

1 

2 

Altitude  Errors  (Feet) 

3  4  5 

6 

0 

±  30 

±  40 

±  25 

±  47 

20 

±4.8 

1,000 

i  35 

±  40 

±  26 

■k  47 

21 

±  5. 1 

2,000 

±  40 

±  40 

±  25 

±  47 

22 

±5.3 

4,000 

±  50 

±  40 

±  25 

±  47 

23 

±  6.4 

6,000 

±  60 

±  40 

±  25 

±  47 

24 

±5,8 

8,000 

±  70 

±  40 

±  23 

±  47 

27 

±6.7 

10,000 

±  80 

±  40 

X  26 

±  47 

30 

±  7.5 

20,000 

±130 

±  40 

±  25 

±  47 

42 

±1  '.3 

30,000 

±180 

±  60 

±  25 

±  66 

62 

±16.  a 

40,000 

±23C 

±  80 

±  25 

±  84 

91* 

±25. 1* 

50,000 

±280 

-100 

±  25 

±103 

149* 

±42.4* 

60, 000 

±800 

±120 

±  25 

±123 

‘Estimated  Values 
Column  Explanation 


1, 

3. 

4. 

5. 

6. 


Scale  er^ir  tolerance  of  Air  Force  AAU-S/A  Precision  Altimeter, 
MIL-A-27229A  (USAF), 

Scale  error  tolerance  (including  hysteresis)  of  Type  MG-IA  Central  Air 
Data  Computer,  Mil.-C-25653B  (USaI'). 

Scale  error  toleraijce  of  Type  A/A24G-7  Amplifier  “Indicator  Group, 
Altltude-Venical  Speed,  MIL-A-27328  (USAF% 

Root-Magniluae-S<}uared,  oi  random  error  BdUition,  of  Columns  2  and  3. 
This  is  the  combined  scale  error  of  the  Air  Data  Compiler  System. 


The  total  varistion  of  the  altitude  errors  of  ait  seven  tubes  sbo^n  on 

Figure  21  reduced  to  correspond  to  the  ^  ^  ib  ft"'  line  cn 

r  igure  23  Thi;»  is  rsndontired  error. 


Maximum  lar^ion)  altitude  error  deviatio'’g  for  the  five  tubes  with  included 
angles  near  75*  (Numbers  1,  2,  J.  i,  ano  5).  The  randomised  erixir*  cor- 
respond  to  the  -  187.  2  lb/  line  on  Figure  3,  Effect  of  tube 

rotation  relative  to  air  atream  are  inclucied.  Maximum  value  testexi  was 
5*  45':  Tube  No.  2,  Tabl>  IX. 


corretipoDds  to  &  poBitive  pressure  error.  "  P^*  This  trend  is  in  the  same 
direction  that  earlier  experimmiUi  indicate,  Reference  23. 

A  rotational  displacement  of  the  static  ports,  with  a  75*  included  angle  maintained, 
with  relict  to  the  rear  mounting  holes  does  not  appear  to  produce  a  large  pressure 
error.  This  rotation  angle  (for  which  the  single  .^ort  manufacturing  tolerance  of 
37.6*  *  0*  15’  is  specified  in  MIL-D-25632B)  could  also  occur  easily  if  the  pitot 
boom  on  an  aircraft  ie  out  of  alignment.  To  obtain  an  idea  of  the  random  deviation 
of  altitude  error  caused  by  rotation  of  the  static  ports,  we  took  an  average  value  of 
the  errors  that  occurred  for  the  five  tubes  with  included  angles  near  75* ,  numbers 
1,  2.  3.  4,  and  5.  The  maximum  deviation  from  this  average  will  give  a  repeatability 
error  for  tubes  with  slightly  rotated  static  ports.  These  maximum  devlatioua  which 
we  shall  assiune  as  random  deviations  are  ±  4. 0  feet,  *  17, 7  feet,  and  i  38, 6 

feet  for  Mach  numbers  of  0.3,  0, 5,  and  0. 7,  respectively.  Taking  into  account  that 
these  random  values  are  for  sea  level  conditions  and  an  angle  of  attack  of  ±  1C* ,  it 
can  be  concluded  that  they  are  indeed  8i..all  when  compared  to  randomized  altimeter 
and  air  data  oompider  errors.  The  errors,  reduced  to  correspond  to  the  ^ 

187.  2  Ib/ft^  line  on  Figure  23,  are  tabulated  in  column  6  cf  Table  XI.  At  zero  degrees 
angle  of  attack,  these  errors  will  reduce  to  zero.  It  should  also  be  noted  that  the  ports 
on  some  of  the  tubes  used  in  this  analysis  were  rotated  as  much  as  5*  45*. 

6,3.  EXTERNAL  BURRS  LN  THE  IMMEDIATE  VICINITY  OF  THE  STATIC  PORTS. 

As  mentioned  above,  teste  were  also  run  on  two  tubes  that  had  external  burrs  in 
the  immediate  vicinity  of  one  or  more  of  their  static  porta.  These  burrs  c'ould  be 
formed  when  a  hard  instrument  is  used  to  clean  out  the  boles  or  by  inserting  an  indicathig 
device  into  the  boles.  Photographs  of  the  burrs  are  shown  on  Figures  24  and  !:5.  On 
pitot-Siatic  tiibe,  No.  2,  Figure  24,  the  two  forwarv-*  ports  on  the  tube  had  hur  rs.  The 
largest  burr  had  a  height  cf  only  0,  006  inches.  Number  3,  Figure  25,  also  had  two 
burrs  with  a  height  on  the  larger  one  of  0,004  inches.  Earlier  studies,  Reference  24, 
indicated  that  external  burrs  or  mtemal  bevels  on  the  static  ports  could  cause  sizeable 
pressure  errors.  Tests  were  run  on  bo^h  tubes,  with  the  burrs  on  and  after  the  burrs 


nOURE  24 

PH0T09RAPH  OF  BURRS  ON  STATIC  FORTS 
OF  REC  MODEL  852  A  PITOT -STATIC  TUBE  NUMBER  2. 


FIOURE  25 

?^TOORAFH  OF  BURRS  ON  STATK  PORTS 
OF  REC  PiiOOeL  852  A  FtTOT- STATIC  TUBE  NUMSER  3 


hftd  berm  removed.  The  results  for  a  +  10*  angle  of  attack  are  shown  on  Figure  21, 
Although  the  liurra  are  small  In  height,  they  produce  a  noticeable  pressure  error. 
The  equivalent  sea  level  altitude  errors  for  the  burrs,  taken  from  Figure  21,  are 

as  shown  beicv/  in  Table  Xli. 

xn 

AH  ,  FOH  BURRS 
si 


M 

Tube  Number  2 

Tube  Number  3 

Q 

II 

a  =  10* 

a  =  4* 

a  -  0* 

0. 3 

34,7  ft. 

4  17.1ft. 

4  16.9  ft. 

4  9. 0  ft. 

0,5 

4111.7  ft. 

^  61.0  ft. 

4  52.4  ft. 

433.9  ft. 

0,7 

+  136.3  ft. 

4125.9  ft. 

4110.8  ft. 

468.7  ft. 

The  tube  with  the  sraalier  burrs,  No,  3,  was  also  tested  at  0*  and  4*  angles  of 
attack  before  and  auer  the  burrs  were  removed.  The  results,  listed  on  Table  Xil 
and  sliowti  on  Figure  22,  indicate  that  a  pressure  error  due  to  the  burrs  exists  for 
zero  angle  of  attack,  atid  that  at  ^  4*  angle  of  attack  the  errors  are  nearly  as  large 
as  lor  a  "  +  10*  .  Ccaapariscn  between  the  tube  used  as  a  reference,  No.  1,  and  No.  3 
alter  the  burrs  had  been  removed  show  a  very  slight  difference  in  the  data  taken  at 
a  -  0* .  This  difference  is  within  the  aforementioned  accuracy  of  the  wind  tminel  data, 
but  could  also  be  due  to  other  small  variations  between  the  two  lubes. 

6.4,  CONCLUCIONS. 

On  the  basis  of  the  data  presented  above,  .he  following  conclusions  can  be 
reached, 

1.  From  the  data  it  can  be  concluded  that  the  *  0*  30'  manufacturing 
tolerance  on  the  75*  included  angle  between  the  static  ports  is  sufficient  to  provide 
excellent  aerodynamic  interchangeability,  reference  Column  6,  Table  XI. 
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2.  The  randomized  altitude  errors  due  to  rotation  of  the  static  holes,  main¬ 
taining  the  75*  Included  angle,  are  shown  in  column  6  on  Table  XI.  Although  angular 
variations  as  large  as  5*  45'  are  included  in  this  average,  the  errors  are  small  when 
compared  to  the  stated  accuracies  of  altimeters  and  air  data  computers.  The  ±  0*  15' 
manufacturing  tolerance  on  the  37. 5*  locations  of  the  individual  static  ports  from  the 
ventral  plane  of  the  tube  is  conservative  and  could  be  relaxed  to  a  tolerance  of  ±  1*  if 
the  iv*  included  angle  tolerance  is  specified  as  ±  0*  30*  .  The  tolerance  relaxation 
will  cause  no  noticeable  errors  in  the  accuracy  of  the  complete  static  pressure  system, 
providing  the  pitot -static  tube  is  installed  on  the  aircraft  with  an  accuracy  of  about  ±  1* . 

3.  Burrs  in  the  vicinity  of  the  static  ports,  even  if  only  a  few  thousandths 
cf  an  inch  in  height,  will  cause  noticeable  pressure  errors.  As  shown  in  Table  XII, 
these  errors  do  not  decrease  rapidly  with  decreasing  angle  of  attack.  They  will  cause 
a  relatively  large  residual  error  at  zero  angle  of  attack,  whereas  pressure  errors  due 
to  angular  variatiens  of  the  static  ports  will  decay  with  decreasing  angle  of  attack  ana 
will  cause  no  pressure  error  at  a  =  0* . 

Extreme  care  should  be  taken  if  measuring  or  cleaning  instruments  are  inserted 
into  the  static  ports  as  these  instruments  could  cause  burring  or  internal  beveling  of 
the  ports. 

4.  The  total  variation  of  the  altitude  errors  of  all  seven  REC  Model  852A 
Pitot -Static  Tubes  tested  fails  within  the  scale  error  tolerance  of  other  components 

of  itn  aircraft's  static  pressure  system.  Although  the  pitot-static  tubes  tested  covered 

an  extreme  range  of  (1)  singular  angular  variations  of  the  static  ports  and  (2)  the 

Included  angle  between  setn  of  static  ports,  the  total  variation  of  all  the  errors,  shown 

on  Column  5  of  Table  XI  are  compatible  with  the  stated  accuracies  of  altimeters  and 

air  data  coa^)uters  shown  as  Columns  1  and  4  on  Table  XI.  The  total  variation  errors 

shown  on  Column  5  of  Table  XI,  are  also  extreme  cases  because  they  follow  the  ^ 

2  ^mm 

187, 2  lb/ ft  line  on  r’igure  23  and  operation  along  this  line  will  be  at  an  angle  of 

attack  oi  over  6*  .  Lower  angles  of  attack  would  give  proportionately  lower  errors. 
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SECTION  7 


FUSELAGE  SKIN  IRREGULARITIES 
IN  THE  VICINITY  OF  FUSELAGE  STATIC  PRESSURE  PORTS 
AND  FUSELAGE  MOUNTED  AERODYNAMIC  ALLY 
COMPENSATED  PITOT-STATIC  TITRES 

7. 1.  FUSELAGE  STATIC  PRESSURE  PORTS. 

This  section  presents  a  brief  analysis  of  the  pressure -altitude  errors  that  would 
result  if,  in  the  vicinity  of  the  static  ports,  an  aircraft’s  fuselage  skin  is  deformed  from 
its  specified  manufacturing  contour.  Fuselage  static  port«  on  aircraft  with  high  sub¬ 
sonic  flight  capabilities  normally  have  a  residual  altitude -position  error  due  to  the  local 
flow  field  of  the  aircraft.  This  error  is  primarily  a  function  of  Mach  number  but  could 
also  be  dependent  on  angle  of  attack,  angle  of  sideslip,  and  Reynold' s  number.  The 
position  error  is  usually  different  for  each  aircraft  model  produced  and  flight  tests  are 
performed  on  at  least  one  aircraft  of  each  model  to  determine  its  position  correction. 

If  the  fuselage  contours  of  subsequent  aircraft  of  the  same  model  deviates  from  the  con¬ 
tour  of  the  flight  tested  aircraft,  the  master  calibration  curve  of  position  error  for 
these  aircraft  will  be  in  error.  Both  manufacturing  tolerances  during  production  and 
damage  to  the  aircraft's  skin  in  service  could  cause  unknown  residual  position  errors. 

To  arrive  at  a  criterion  for  allowable  ^Kin  deformation,  corresponding  to  equivalent 
altitude  errors  and  as  a  fiuiction  “^f  lengi  h  and  width  of  the  deformation  and  distance  of 
the  deformation  from  the  static  ports,  a  smooth  wave  deflection  was  chosen  as  shown  on 
Figure  26,  The  deflection  has  the  shape  of  a  360*  cosine  wave  with  a  deflection  depth, 

D,  equal  to  the  double  amplitude  of  the  cosine  wave.  The  wave  is  assumed  to  start,  a 
distance  .L.,  from  the  port  and  extend  for  equal  distance  ±  y  on  either  side  of  the  static 
port  location.  The  pres, sure  error  felt  at  the  po;t  caused  by  specific  skin  ueflections 
were  computed  on  the  REC  LGJP  digital  computer  using  numerical  integration  of  three- 
dimensional  wavy-wall,  small -perturbation  theory,  Reference  25. 

It  should  be  noted  that  if  the  wave  is  a  depression  in  the  surface  and  the  static 
ports  are  located  upstream  of  the  depression,  as  shown  on  Figurd  26,  the  pressure 
error,  P  -  ,  felt  at  the  port  will  be  negative.  The  equivalent  altitude  error,  AH, 

will  therefore  be  positive  which  mearis  that  an  altimeter  will  indicate  too  high  an 
altitude.  If  the  ports  are  located  downstream  of  the  depression,  (P-P  \  will  also  be 

'.TO 
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NOTATION  USED  FOR  360"  COSINE  WAVE  FUSEi^AGE  SKM  DEFORMATIONS. 


FIGURE  27 

ALLOWAa.£  WAVE  DEPTH  FOR  AN  EOUIVA^NT  ALTITUDE 
SEA  LEVEL  OF  -^50  FT.  AS  A  FJOIOM  OF  Z 


ERROR  AT 


M®  =0.8 

A  =LCNCaH  OF  WAVE  DEFLECTION. 

L,  =  DISTANCE  FROM  ’f'HE  STATIC  PORTS  TO  THE  START  OF  THE  WAVE 
DEFLECTION. 

D  =  MAXIMUM  WAVE  DEPTH. 

Z  =  LENGTH  OP  WAVE  IN  DIRECTION  PERPENDICUL.AR  TO  THE  FLOM' 
DIRECTION. 
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negative  and  AH  will  be  positive.  If  the  wave  protrudes  from  the  nominal  surface,  the 
reverse  will  be  true,  i.  e. ,  if  the  ports  are  upstream  or  dbwnstream  of  a  protruding 
wave,  (P-P^  )  >  0,  and  AH  C  0. 

For  a  free  stream  Mach  number  of  0. 8,  the  allowable  wave  depth  for  an  equivalent 
altitude  error  at  sea  level  of  ±  60  feet  is  as  8lK>wn  on  Figure  27.  The  dimensions  are 
ail  given  as  tractions  of  wave  length,  X  .  The  right  extremity  of  the  four  curves  shown 
on  Figure  27  was  used  to  determine  the  tightest  tolerance  needed  to  assure  an  error  of 
AHgj^  =  60  feet.  These  tolerances  are  shown  on  Figure  30,  The  allowable  wave  depth 
shown  on  Figure  30  would  be  increased  for  free  stream  Mach  number  less  than  0. 8, 
but  would  be  decreased  for  M  >  0. 8,  The  greatest  deviation  with  Mach  number  will 
occur  for  v/aves  in  close  proximity  to  the  static  ports  i.  e. ,  for  small  values  of  L  and 
short  wave  lengths.  Also  superimposed  on  Figure  30  are  the  dent  limitations  for 
structural  repair  specified  by  the  Boeing  Aircraft  Compsij-iy  for  the  Boeing  720  Aircraft, 
This  is  shown  as  an  example  of  desired  tolerances  of  a  rasnufacl;urer  and  should  result 
in  altitude  errors  of  ±  50  feet  for  a  single  deformation  if  L  >•  12  inches  but 

would  allow  altitude  errors  at  sea  level  in  excess  of  ±  50  feet  for  L  <  12  inches.  The 
2q)proximate  theory  limit  line  shown  on  Figure  30  corresponds  to  a  maximum  angle  of 
15*  on  the  slope  of  the  cosine  wave  deflection. 

It  slamld  be  noted  that  the  tolerances  shown  for  sea-level  conditions  will  give  a 
slightly  reduced  altitude  error  as  altitude  increases.  The  error  will  decrease  in  direct 
proportion  with  the  absolute  static  temperatui  e  and  will  reach  a  minimum  of  0, 75  times 
the  sea-level  value  for  altitudes  from  36,000  feet  to  82,000  feet  in  the  standard  atmos¬ 
phere,  i.e. ,  AH  =  i  50  feet  would  correspond  to  H„ .  ^  ^  ±  37.  b  ft. 

The  allowable  wave  depths  for  altitude  errors  at  sea-level  of  ±  10  ft.  and  ±  100 
ft. ,  obtained  from  graphs  similar  to  the  one  shown  on  Figure  27  for  ±  50  ft, ,  are 
shown  as  Figures  28  and  29  respectively. 

From  Flgui'es  28,  29,  and  30,  one  can  obtain  an  Idea  of  the  tolerances  needed  for 
smooth  skin  deformations  outside  a  3  inch  radius  from  the  static  ports.  If  the  skin 
deformation  is  located  off  to  the  side  of  the  static  pox  ’s,  with  respect  to  the  flow 
direction,  or  if  the  length  of  the  wave  is  less  than  would  be  indicated  from  the  ri^t- 
hand  axtremlty  of  the  curv  es  shown  on  Figure  27,  the  pressure  errors  induced  by 


70 


aLLOWABiX  IWAVE  oePTH,D(i 


WAVE  LENOTH  (INCHES) 


FIGURE  28 

ALUDWABtE  WAVE  DEPTH  FOR  AN  EQUIVALENT 
ALTITUDE  ERROR  AT  SEA  LE'VB,  OF  tQQFT, 

M~  =0.8 

"l"  is  THE  DISr/WCE  FROM  THE  STATIC  PORTS  TO 
THE  START  OF  A  WAVE  DEFLEaiO^' 


1.0  I'..  5C  OO 

WAVE  LfHH,.,  -.lliOES) 


FiGHWr  29 

AU-CWABlE  V.AVC  DEPTH  FOft  AN  ECXJr;.Ajj:N  r 
ttJlTtXlf  ERROR  AT  SEA  lEVEL  Of  liPFr 
M»*0.8 

"L"  is  THE  DISTANCE  FROM  STATIC  PORTS  TO 

THE  START  OF  A  WAVE  uEFLECTICN. 


FiGl^  30 

AlIOWABlE  WA'JE  depth  for  af,  eolivalent 
AlTITXE  error  at  sea  IEVEL  0F16OFT. 

=  O.S 

'  l"  !S  the  cmstance  from  the  static:  ports  to 

THE  START  OF  A  W(VE  DEFLECTION. 


WWVt  LEN<m^  A  il»<Ci«S) 


RGORF 

^U^  'SLE  cave  DEPTH  FOR  m  EQUIVALENT 
ALTITUDE  ERRCR  AT  SEA  >.E'VEL  OF  TSOFT. 

M«*O.0 

STATIC  WTRTS  LOCATED  AT  BOTTOM  OF 
DEFLECTION  AT  L|  --  -0.5 A. 


the  waves  would  be  lees  aod  the  tolerances  oould  consequently  be  increased  from  the 
values  indicated.  Howevert  if  more  than  one  skin  deformation  occurs  in  the  vicinity 
of  the  static  ports,  the  allowable  deplu  for  each  skin  deformation  would  have  to  be 
Jlocreaseu  p  "oportlonaiiy. 

If  static  ports  are  located  in  the  center  of  a  skin  deflection,  the  allowable 
depth  tolerances  oould  become  extremely  tight.  Figure  31  shows  the  allowable  wave 
depth  for  -  *  50  ft,  at  M  =  O.C  for  fuselage  ports  located  in  the  center  of  a 

36(f  ocsise  wave  akin  deflection.  The  allowable  wave  depth  is  practically  independent 
on  the  length  of  the  wave  in  the  ”5^  direction  and  is  directly  proportional  tu  altitude 
error,  f^r  an  equivalent  altitude  error  of  =  ±  500  ft, ,  the  wave  depth  would  be 

10  times  the  value  shown  on  Figure  31, 

Location  of  the  ports  in  the  center  of  the  wave  represents  the  extreme  case  with 
ra^poct  to  allowable  wave  depths.  If  the  ports  are  displaced  off  the  center  of  the 
wave,  but  still  Inside  the  wave,  the  allowable  depth  could  be  slightly  larger.  For 
ports  located  on  the  edge  cf  the  wave  the  allowable  d^th  would  be  Increased  to 
approximately  2. 4  times  the  value  if  located  at  the  center  of  the  wave. 

7. 2.  FUSE  1  AGE  ^MOUNTED  AERODYNAMIC  ALLY  COMPENSATED  PITOT -STATIC 
TUBES, 

The  same  wave  shape  used  in  the  preceding  section  was  used  as  a  criterion  to 
determine  how  much  the  allowable  fuselage  skin  deformation  tolerance  could  be 
reduced  If  a  fuselage  mounted  pitid-static  tube  were  used  instead  of  flush  static  ports. 
By  moving  the  static  port  location  away  from  the  fuselage  &5cin,  the  pressure  influence 
at  the  ports  due  to  small  skin  irregularities  in  the  vicinity  of  the  ports  can  be  greatly 
reduced.  The  difference  between  the  allowable  wave  depth  for  flush  static  ports 
located  on  the  fuselage  and  static  ports  lccatf»d  8  inches  front  the  fuselage  on  a 
pitot -static  t\ibe  is  shown  on  Figures  32  through  35  for  an  equivalent  altitude  error 
at  sea  level  of  ±  50  ft.  and  a  free  stream  Mach  number  of  0,8.  The  wave,  in  the 
e -direction  p^-'pen^iicular  to  the  flew  direction,  Is  sjnnmetrlcaJ  about  ;he  static  ports. 
Two  values  of  ■»  are  given;  ®  1  A  and  »  -  i  4  A  ,  ^vhere  A  is  the  iengtb  of  the  wave 

in  the  flow  direction.  The  allowable  depth  values  for  porta  located  on  the  surface  are 
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idfXitical  to  those  explained  in  Section  7. 1  and  shown  on  Figure  27. 

Another  way  of  presentation  of  the  data  would  be  to  show  the  equlvaleot  altitude 
error  for  each  specific  wave  length  and  distance  of  the  wave  frorai  the  statio  ports 
measured  in  a  direction  on  the  surface  and  parallel  to  the  flow  directknu  However, 

&>r  sake  of  comparison,  the  fixed  value  of  =  i:S0  feet  will  give  a  realistic 
indication  of  the  advantage  of  using  fuselage  mounted  pitot-static  tithes. 

The  greatest  increase  in  allowable  wave  depth  w  Jd  be,  as  shown  on  Figure  32, 
wh«a  the  static  ports  are  locate  in  the  center  of  Um  36<F  cosine  wave  skin  deformation. 
For  X  =  3  inches  and  e  ~  3t  iX  c  6  inches,  the  allowable  wave  depth  could 
increase  from  0.001  inch  to  0.072  inch  for  the  same  equivalent  error  of  AH-,  de  50  ft. 
For  X  -  20  inches  and  y  -  1  X  or  40  inches,  the  allowable  wave  depth  could  still  be 

increased  from  0. 007  inch  to  0. 02  inch  for  the  same  equivalent  error.  Greater  in¬ 
creases  in  allowable  depth  will  exist  If  the  wave  length  is  longer,  i.  e. ,  s  =  ^  4  X  . 

Other  locations  of  the  port  within  the  wave  deflection,  from  =  0. 5  X  to  =  0, 
will  give  varying  degrees  of  allowable  wave  depth,  but  the  iocation,  =  -  0, 5  X  , 
is  the  extreme  case. 

A  sizable  increase  in  allowable  wave  depth  also  artirts  when  the  static  porta  are 
located  at  the  edge  of  the  deformatloa,  at  =  0,  as  shown  o:  Figure  33,  As  the  skin 
deflection  moves  away  from  the  static  ports,  as  shown  on  Figures  34  and  35,  the  In¬ 
crease  in  allowable  wav  depth  diminishes,  except  for  very  small  wave  lengths,  but 
in  this  region  the  allowable  depth  is  already  quite  large  and,  therefore,  as  critical 
as  when  the  wave  is  In  close  proximity  to  the  ports. 
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FIGURE  52 

STATIC  PORTS  tfiE  UXATED  AT  ',£NTE«  Of 
KCr  COSHt  ««/E  SKIN  OEFOPMATON,  AT 
--O  SA. 


JTGURE  33 

STATIC  PORTS  ARE  LOCATED  AT  EDO;  Of  360* 
COSINE  WAVE  SKIN  DEFORMATION,  ATL|«0. 


F1Gl«:  34 

STATIC  POP’S  ARE  lXATED  i  ^  AWAt  TROW 
03£  OP  36C*  COSNE  WA-»E  StN  C£FO?a1’CN. 
AT  .,.;a 


i  c  "^00 

<*A  .  t  V  ii*<:  ss 


FTGURE  35 

s^A-ic  P':rts  aflt  ^cxatet  ,’,\away  from 
ECXSE  X  360*  C03NE  WA  £  9<:n  CEFORMATC.', 

AT  ^  \ 


ALi-OWA-eiE  WAVE  OEPTV:  ^T'R  AN  EU-VJtiNT  .'^'-.Tuc>E 
tRSKJJ  AT  SEA  uEvEL  or  T50FT  iM-,  *0  8} 

STATK  PORTS  ARE  ^XASEu  OK  THE  puS£L.«E  . 
STATX  PORTS  ARE  .X-ATEC  8'  trom  tre  FijSElAGE 
ON  4  P-TOr  - STATIC  *ueE 


74 


1 


SECTION  8 


AIRCRAFT  SKIN  CONTOUR  l^EASUREMENTS 
AXWACENT  TO  FLUSH  STATIC  PORTS 
ON  MILITARY  TRANSPORT  TYPE  AIRCRAFT 

8.1.  INTRODUCTION. 

A  survey  of  flush  mounted  static  port  assemblings  and  the  surrounding  a’rcraft 
skin  area  on  three  military  type  transports  was  jonducted  by  Rojemount  Engineering 
Company.  The  aircraft  were  stationed  at  MvOuire  Air  Force  Base  daring  this  survey 
which  began  on  November  13,  1961,  and  ended  on  November  22,  1961.  At  about  the 
same  time,  but  extending  for  a  longer  period,  flight  tests  were  conducted  by  the  Air 
Force  and  NASA  to  determine  the  static  pressure  error  of  the  oo-pilot's  altimeter 
system.  Results  from  the  flight  test  phase  are  given  in  Reference  26.  This  section 
describes  primarily  the  techniques  used  by  Rosemount  Engineering  Comp'^ny  to 
measure  surfaces  near  the  static  ports  and  the  resulis  of  the  survey.  In  addition, 
results  of  the  measurements  were  used  to  predict  the  static  pressure  differences 
between  the  aircraft,.  Predicted  position  error  d.ifferences  compared  with  tl.e 
flight  test  data. 

8.2.  AIRCRAFT  SKIN  CONTOUR  MEASUREMENTS  ADJACENT  TO  FLUSH  MOUNTED 
STATIC  PORT  ASSEMBLIES. 

8.  2. 1.  Aircraft  Surveyed. 

The  skin  contour  in  the  area  adjacent  to  the  static  port  assembly  was  surveyed  on 
the  following  aircraft; 

Aircraft  Type  A  (C-131) 

NASA  and  REC  Aircraft  No.  Aircraft  S/N _ Remarks 

1  25781 

2  25786 

3  25792 

4  25799 

5  55-7087  No  skin  measuremmts  takai. 
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NASA  and  REC  Aircraft  No 
1 
2 

3 

4 

5 

6 


Aircraft  Tvre  B  (C-118) 

Aircraft  S/N 
3821 
3270 
3825 
3834 
3266 
3823 
3290 


Remarks 


This  aircraft  not  flight  testedc 


NASA  and  REC  Aircraft  No. 
1 
2 

3 

4 

5 

6 

7 

8 
9 


Aircraft  Type  C  (C~135) 

Aircraft  S/  N 
0C370 
00371 
00374 
00377 
00378 
10326 
00372 
00373 
00376 


_ Remarks _ 

No  skin  measurements  taken. 

No  skin  measurements  taken. 


This  aircraft  not  flight  tested. 
This  aircraft  not  flight  tested. 
This  aircraft  not  flight  tasted. 


8, 2, 2,  Survey,  Apparatus  and  Techniques. 

Devices  to  measure  skin  contours  in  the  area  of  flush  static  ports  were  designed 
and  instructed  ^wciflcally  for  this  measurement  program.  Two  devices  vej-e  labri- 
cated  and  they  are  shown  as  Figures  36  and  37.  Figure  37  shows  the  assembly  that 
was  used  for  measMcements  on  Aircraft  Type  C,  This  assembly  consists  of  an 
aluminum  angle  frame  to  which  la  mounted  a  longitudlnai  traverse  assembly.  The 
traverse  assemLiy  is  made  cf  *r',o  Z3  Lich  steel  rules  with  a  strip  reinforcing  element 
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of  aluminum  ang:le  to  4dd  l  i^dity.  The  rulers  have  no  movement  in  or  out,  thus  pro- 
vfding  a  refo'-an^e  plane  from  which  ail  skin  measurements  were  taken.  The  two  steel 
rules  were  placed  on  edge  approximately  one  inch  apart  providing  a  track  ior  the 
carriage  assembly  to  slide  on.  The  carriage  assembly  bolds  the  dial  indicator  and 
the  foot  of  the  indicator  can  move  in  and  out  as  it  is  moved  along  the  skin  of  the  air¬ 
craft  without  any  change  in  the  reference  plane  fixed  by  the  ruls.<rs.  The  position  of 
the  assembly  on  the  steel  rules  and  readings  of  the  dial  indicator  give  the  x  and  y 
coordinates  required  to  con  late  this  data.  The  coordinate  z  may  be  obtained  by 
adjusting  the  transverse  assembly  with  respect  to  the  frame. 

The  ansembly  shown  in  Figure  3?,  used  on  Type  C  Aircraft,  could  not  be  used  on 
Type  A  and  B  Aircraft  because  of  hl^  axis^l  curvature  of  the  skin  and  smallor  radii  of 
the  fuselage.  The  assembly  that  was  used  is  shewn  in  Figure  36.  This  assembly 
utilizes  the  ci  :  riage  assembly,  and  the  precision  scales  of  Figure  37,  but  the  large 
28  X  40  inch  frame  is  replaced  by  4  inch  cross  bars.  In  the  case  o*  Figure  37  con¬ 
figuration,  the  device  was  secured  t.  the  aircraft  by  use  of  four  rubber  suction  cups. 
Figure  36  configuration  utilized  two  rubber  suction  ctips.  Any  movement  of  the 
assemblies  due  to  the  suction  cups  were  eliminated  by  threaded  feet  which  wore 
snugged  down  to  the  aircraft  surface.  This  oonftguration  the  distance  between 
vhe  aircraft  and  the  steel  scales  constant  during  individual  survey,  A  polaroid 
camera  was  used  to  record  some  observ  ations. 

Measurements  were  taken  in  a  plane  z  -■  C  through  the  co -5)1101*8  static  port 
centerline  and  at  z  positions  above  and  below  the  ports.  This  data  ia  presented  as 
Figures  41  through  44,  The  center  of  the  static  port  assembly  was  used  to  designate 
the  center  of  coordinates  system  as  far  as  the  z  and  x  coordinates  are  conceined  as 
shown  in  Figure  38.  This  figure  also  indicates  the  sign  convention  used.  Port 
aseembiies  were  the  same  aa  used  by  NASA  personnel  for  altitude  position  error 
measuremerus.  Along  the  centerline  through  the  static  ports,  dial  readings  were 
taken  at  the  center  of  the  static  port,  at  each  edge  of  the  static  port  assenfoly  to 
determine  the  flushness  of  the  static  port  with  respect  to  tho  surrounding  skin,  and 
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th^reaftsr  in  ont  increments  forward  and  aft  of  static,  ports  for  a  total  length  of  34 
inches.  The  i&rea  surveyed  was  a  rectangular  area  8  inches  wide,  34  inches  bog  with 
the  static  pert  assembly  at  the  center.  The  accuracies  of  the  measurements  taken  were 
witid’^  ±  0.05  inches  for  the  lateral  positions  (x  direction)  and  ±  0.001  inch  for  the 
vertical  movement  (y  direction).  The  lateral  movement  was  recorded  from  the  steel 
scale  reading  and  the  vertical  oiovemeut  alTOau  maS  dial  Indicator. 

Use  of  the  measuring  device  described  gives  only  relative  values  of  the  airplane 
contour  and  these  values  will  not  be  repeatable  from  aircraft  to  aircraft  since  the 
scales  may  be  displaced  at  a  different  y  distance  on  each  aircraft.  In  addition  to  the  y 
diq;>lacement  being  different,  the  scales  can  be  skewed  at  a  difterent  angle  with  respect 
to  the  skin,  thus  forcing  the  y  measurements  to  vary.  The  variables  mentioned  were 
corrected  mathematically  by  forcing  the  reference  plane  to  pass  through  the  same  two 
points  on  each  aircraft,  thus  correcting  for  any  variable  in  the  vertical  displacement 
and  skewing  angle.  The  two  referenced  or  fixed  points  were  at  i:  6  inches  from  the 
center  of  the  static  port  assembly.  This  method  of  data  reduction  was  used  on  aircraft 
Types  B  and  C.  The  average  y  measurements  for  the  Type  B  and  C  aircraft  is  shown 
on  Figure  40.  Since  only  four  aircraft  of  Type  A  wore  measured  and  major  steps  in  the 
aircraft  skin  were  present,  the  contour  datt^  has  not  been  reduced  and  only  the  flushness 
of  the  stotic  port  assembly  and  the  magnitude  of  the  skin  steps  have  been  recorded  in 
this  r^rt. 

8. 3. 3,  Experimental  Results. 

8.2.3, )..  Aircraft  A. 

Limited  pre^entatton  oil  data  of  Aircraft  A  is  shown  on  Figure  39.  The  schematics 
indicate  step  variations.  On  tht  left  side  of  the  aircraft  skin  joints  were  located  8  1/4 
inchcB  forward  of  the  static  port  centerline  and  10  inches  aft  of  the  port  centerline. 
Height  of  the  forward  skin  joint  varied  from  0. 042  inches  maximum  to  0. 009  inches 
minimum.  The  skin  joints  10  inches  aft  of  the  port  centerline  on  both  the  right  and  left 
hand  side  of  the  aircraft  were  even  larger  than  this,  varying  between  0, 009  inches  and 
0. 168  inches.  On  the  right  side  of  the  aircraft  an  access  ck>or  to  the  airplane  was 
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located  0  5/8  inchea  forward  of  the  port  centerline.  Flushness  of  this  door  varied  to  l 
large  extent  between  aircraft*  varying  from  0. 274  inches  in  to  0. 125  inches  out.  Static 
port  assemblies  were  consistently  mounted  flush  to  the  inside  of  the  skin  rather  than  to 
the  outside  stdn  as  in  other  aircraft  survey.  Amount  of  the  stqp  was  reasonably  con¬ 
sistent*  varying  between  0.031  to*  0.043. 

8. 2. 3. 2.  Aircraft  B. 

Measured  skin  contours  for  Aircraft  B*  along  the  centerline  through  the  static  port 
assembly*  is  shown  in  Figure  41.  Measurements  are  shown  for  the  right  and  left  hand 
side  of  the  aircraft  for  x  locations  from  -  16  Inches  to  16  inches.  Flushness  of  the 
sUtic  port  assembly  with  respect  to  the  surrounding  skin  is  also  indicated  by  the 
akstches  in  the  center  of  the  page.  The  data  shows  substantial  profile  irregularities, 
“ircraft  2*  6  and  3  have  skin  irregularities  to  0.040  inches  within  i:  5  inches  of  the 
static  port.  Aircraft  Number  S«  has  skin  contour  data  closest  to  the  mean  skin  contour. 
R  should  be  noted  on  Figure  41  that  all  surface  measurement  data  between  stations  10 
inches  from  the  static  ports  fell  within  ±  0.060  inches.  Measurements  at  transverse 
positions  above  and  below  the  static  port  assembly  is  shown  on  Figure  42  for  the  Type 
B  Aircraft,  llie  contours  at  z  of  db  4  Inches  although  indicating  definite  presence  of 
waves,  shows  less  evidence  to  random  data  scatter  when  compared  to  the  centerline 
distributions.  Much  of  the  random  distribution  scatter  is  caused  by  the  deflection  of 
the  skin  locally  when  the  static  port  asssinbly  is  riveted  to  the  aircraft  skin. 

The  indication  of  flushness  of  the  static  port  assemi  ly  with  respect  to  the  surround- 
iag  skin  is  shown  on  Figure  41.  The  maximum  outward  position  of  the  static  port 
ass'^mbly  was  0. 0564  inches  for  Aircraft  Number  6.  The  maximum  inward  position 
stop  was  0,0270  Inchea  for  Aircraft  Number  4. 

3,2, 3.  S.  Aircraft  C. 

Most  of  the  skin  surface  measurements  for  Aircraft  G  are  shown  in  Figures  43  and 
44.  Cmitorllns  measurement  data  is  shown  Ln  Figure  43  which  shows  the  sacie  erratic 
tendency  as  la  the  area  of  the  static  port  of  Aircraft  B,  However  the  magnitude  of  the 
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devi^tioais  are  ooneiderably  leas  than  for  aircraft  Type  B.  For  Aircraft  C  all  surface 
measuremcoit  data  taken  between  ±  10  inches  of  the  aircraft's  port  centerline  foil  within 
±  0. 0^5  inches.  Aircraft  Number  6  shows  a  large  dent  centered  at  the  static  port  with 
a  total  of  0. 025  inches  deflection  occurring  within  the  length  of  5  inches  from  the 
center  of  the  port.  Aircraft  7,  8  and  9  all  have  deviations  vithin  ±  5  inches  of  the 
aircraft's  static  port  of  0. 010  to  0. 020  inchee.  The  y  deviation  scale  of  Figures  43 
and  44  have  been  increased  by  a  factor  of  2  as  compared  to  Figures  41  and  42.  It  may 
be  noted  from  Figure  43  that  flushneas  of  the  static  ports  was  extremely  good  with  a 
maximum  deviation  out  being  9. 0045  inches  and  a  maximum  deviation  in  being  0. 0034 
inches.  Measurements  taken  at  ^  4  inches  from  the  port  centerline  is  shown  in  Figure 
44;  although  definite  skin  wave.3  are  present,  these  data  indicate  elimination  of  any 
erratic  skin  deformations  right  in  the  area  of  the  static  port. 

8. 2,3.4.  Data,  Summary  and  Mean  Skin  Contours. 

The  mean  akin  contours  for  Aircraft  Type  B  and  C  are  shown  in  FlgJire  40.  The 
mean  skin  contour  for  Aircraft  B  shows  appreciable  curvature  as  indicated  by  the 
upper  curve  of  Figure  40.  A  skin  bump  just  aft  of  the  static  port  may  be  noted  trom 
the  mean  contoxir  plot.  The  mean  oontour  of  Aircraft  C  is  shown  in  the  lower  graph 
of  Figure  40.  It  should  be  noted  that  the  scale  for  this  graph  has  been  increased  by  a 
factor  of  10  over  the  upper  graph.  The  contour  is  essentially  a  straight  line  with  all 
deviations  falling  between  +  0, 004  inches  and  -  0. 007  inches  from  »  straight  line.  The 
consii:te"t  deformation  right  at  the  static  ports  is  shown  by  the  m«an  skin  contour  of 
Aircraft  C.  This  is  caused  by  warpage  of  the  skin  area  when  the  static  port  assembly 
Is  riveted  to  the  skin. 

The  n>ot -mean -square  of  the  individual  deviations  from  the  mean  oontcur,  shown 
in  Figure  40  for  Aircraft  B  (360  readings  taken  Into  account),  is  O.OIS  inches.  The 
root -mean -square  deviation  for  AiicrtUt  C  based  on  455  readings  is  0, 607(’  in'^hes. 
Numbers  apply  to  the  aircraft  caiterline  surveys  throu^  the  static  ports  only.  They 
indicate  that  the  Type  C  aircraft,  which  were  veJatively  new  (meet  of  them  had  less  than 
100  hours  of  flight)  were  two  to  three  times  smoother  than  the  older  Type  B  aircraft. 


In  regard  to  pert  flashnoBS,  the  root-mean-SQuax ed  oi  28  port  deviations  for  Aircraft  C 
were  0. 0018  inches  and  for  Aircraft  B  was  0. 016  inches.  Thus  the  flushness  of  the 
port  installation  on  Aircraft  C  was  observed  to  be  ten  tiroes  better  than  the  flushness 
on  Aircraft  B,  The  maximum  etc|)  observed  at  static  port  for  Aircraft  B  was  0, 0554 
inches  and  for  Aircraft  C  was  0. 0045  inches, 

8. 2,  i:  f  Maintenance  of  Statin  Ports. 

During  the  measurements  performed  on  IB  aircraft,  the  condition  of  the  static 
i;M>rts  and  surrounding  area  was  noted.  The  presence  of  foreign  material  such  as  wax 
or  dirt  was  found  in  only  one  pc>>ri  assembly  out  of  72  examined  (18  aircraft  -  both  sides  - 
both  pilot  and  -pilot  ports).  In  tLo  one  case  a  slight  amount  of  wax  was  found  in  2  of 
the  1  boles  blocking  atout  1/3  of  the  area  of  the  2  boles.  The  cleanliness  of  the  ports 
was,  therefore,  found  to  be  very  good. 

No  burrs  at  the  edges  of  th  static  holes  were  larger  than  about  0. 005  inches  and 
in  most  cases  no  measurai.'le  burr  existed.  There  was  no  evidence  of  burring  from 
Insertion  of  a  cleaning  rod  into  the  ports. 

The  use  of  paint  adjacent  tc  the  port  assembly  (Aircraft  B)  for  lettering  ”  U,  S, 

AiR  ftlRCE”  fo  not  considered  the  best  practice  from  the  static  port  maintenance 
standpoint.  Paint  was  generally  found  to  be  in  good  condition.  Some  chipping  near 
the  ports  was  .  oted,  Tho  influence  of  the  paint  is  concluded  to  be  of  minor  significance 
compared  to  surface  wa  /es  and  port  flushriess. 

8.3.  ALTITUDE  POSITION  ERRORS  DUE  TO  SKIN  IRREGULARITIES  IN  THE 
VICINITY  OF  FUSELAGE  STATIC  PRESSURE  PORTS. 


Aii  snalytical  study  was  conducted  to  estimate  position  errors  caused  by 
deviations  of  fuselage  skir.  from  the  aircraft*  3  mean  surface  curx'ature.  The  study 
was  made  for  a  number  of  aircraft  that  were  both  surveyed  by  ESC  and  flight -tested 
by  combined  USAF  and  NASA  f  jrsonnei.  The  aircraft  corresponding  to  those  listed 


previously  in  Section  8.  2,  1  have  been  designated  as  follows: 


Type  B,  Number  1 
Type  B,  Number  2 
Type  Bs  Number  3 
Type  B,  Number  4 
”ype  B,  Number  5 
Type  B,  Number  6 


Type  C,  Number  1 
Type  C,  Niumber  3 
Typo  C,  N.j^!ber  5 
Type  G,  Number  6 
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Fuselage  skin  deviations  from  the  mean  contour  in  the  vicinity  of  the  oo-pilot*8 
static  ports  have  been  diecusoed  in  the  previous  mib-sections.  The  mean  contour  of 
the  fuselage  ai  the  static  ports,  as  estimated  by  REC,  for  both  Type  B  and  Type  C 
aircraft  is  shown  on  Figure  40.  A  schematic  showing  the  area  over  which  fuselage 
skin  measurements  were  taken  is  shown  on  Figure  38. 

The  "  iineai'ized  small  perturbation”  theory  used  for  the  present  analytical  study 
has  well  documented  in  Reference  25.  The  integral  equation  for  pressure  oo-' 


efficient  ctm  be  expressed  as 

0  0 

0  -  f  f 

X  m  dx  d  z 

(31) 

r  2  2  2!^^^^ 

2 

\  *1 

flr  X  4  (1-M  )z  j 

where  x  and  z  are  the  coordinates  shown  on  Figvires  38  with  the  center  of  the  static 

port  located  at  x  «  0  and  z  =  0.  M  =  local  Mach  number,  and  m  is  the  slope  of  the 
6  y 

fuselage,  ,  at  a  point  x,  z.  The  coordinate  y  is  zero  at  the  static  port  and  a  pla* 

0  X 

y  deflection  on  the  surface  is  a  dent  into  the  fuselage  skin.  For  numerical  integration 
purposes  m  -  ~  Ay/ Ax,  If  we  assume  that  surface  deformations  are 

actually  uniform  waves  of  constant  Ay  extending  from  z  to  z  -  Equation  31  becomes: 

Jl  ^ 

X 


Equation  (32)  was  evaluated  for  both  the  right  and  left  sides  of  the  aircraft  fuselage 

using  the  exact  surface  deformation  measurements  shown  on  Figures  41,  42,  43,  and 

44,  ^  aud  C„,  ^  were  then  averaged  to  obtain  an  overall  pressure  error  of 

Prigbt  Pieft 

the  co-pilot’s  static  pressure  system.  For  purposes  of  comparison  with  fii^  test 
data,  Mach  number  has  been  converted  to  indicated  airspeed  assuming  standard 
sea  level  conditions  and  omitting  any  aircraft  position  error.  The  relationship  is  as 
follows: 
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(Sea  Leveii 

Mach  Number 

100 

0. 161 

200 

0.303 

300 

0.454 

400 

0. 605 

500 

0.756 

600 

0,908 

The  predicted  position  errors  for  four  aircraft,  Type  B  numbers  5  and  4  and 
Type  C  numbers  6  and  4,  were  computed  using  both  centerline  skin  measurements 
and  measurements  taken  at  z  =  ±  4  inches,  as  shown  on  Figure  38.  Predicted 
position  errors  for  the  remaining  aircraft  were  computed  using  only  fuselage  measur 
meats  along  the  centerline  at  z  =  0,  The  area  bands  of  effectiveness  of  the  skin 
measurements  in  the  z  direction  were  varied  to  obtain  an  indication  of  sensitivity  of 
predicted  position  error  with  the  width  of  the  band,  over  which  the  skin  deformation 
(Ay)  is  assumed  constant. 

Variations  In  predicted  position  errors  between  aircraft  are  shown  on  Figure  45 
for  the  Type  B  aircrall  and  on  Figure  46  for  the  Type  C  aircraft  The  errors  are 
giv«£ii  for  assumptions  that  the  centerline  data  measurements  of  Ay  =  y  -  extend 
ever  lands  from  z  =  -  2  Inches  to  z  -  +  2  inches  and  from  z  =  -S  inches  and 
z  ~  +  3  inches.  For  the  aircraft  on  which  surface  measurements  at  z  =  +  4  inches 
and  -  4  inches  were  available,  i.  e.  Type  B  numbers  5  and  4  and  Type  C  numbers  6 
and  4,  complete  data  was  used.  For  example,  if  the  centerline  data  for  Ay  was 
assumed  effective  for  a  band  from  z  =  -  2  inches  to  +  2  inches,  the  Ay  data  at  z  =  +  4 
inches  was  assumed  effective  for  an  area  band  f^vm  z  =  +  2  Inches  to  +  6  inches  and 
the  Ay  data  at  z  =  -  4  inches  was  assumed  effective  for  a  baud  frr  a  z  =  -  6  inches  to 
-2  inches.  The  pressure  errors  due  to  each  of  these  three  bands  were  then  added  to 
obtain  a  ’’complete  data”  pressure  error.  The  theoretical  prediction  carves  show 
only  a  minute  dependence  of  position  error  on  the  width  of  the  effective  data  bands 
in  the  4  z  direction. 
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Superimposed  on  Figures  45  aiui  46  are  variations  In  position  errors  between 
airci  determined  from  !li^  testa  conducted  by  NASA»  Reference  36.  The  flic^ 
test  data  has  been  reshown  as  Figures  47(A),  47(B),  and  47(C)  of  this  report.  TLie 
flight  test  values  indicated  on  Figures  45  and  46  are  differences  in  the  absolute  AH 
errors  of  aircraft  shown  on  F4;ure8  47(B)  and  47(C).  There  is  reasonably  good 
agreement  between  the  theoretical  prediction  and  flight  test  data.  Agreement  is 
better  for  Type  C  aircraft  which  is  to  be  expected  because  of  a  generally  smoother 
ai>:  craft  skin  on  these  aircraft  compart,  i  to  the  surface  irregularities  for  the  Type 
B  ircru  It  should  also  be  noted  that  the  static  port  assemblies  were  not  al'^'ays 
flu  ah  with  the  fuselage  skin.  The  resulting  steps*'  will  cause  pressure  errors 
whlcii  can  not  be  predicted  from  theory.  The  "  step"  errors,  therefore,  have  not 
incorporated  in  this  report. 

8,4.  SUMMARY. 

8. 1.  The  correlation  between  predicted  static  pressure  error  (based  on  skin 
measurements)  and  flight  test  measurements  was  good  for  the  Type  C  aircraft. 
Figure  46.  Most  of  the  importmt  skin  deviations  occurred  near  the  ports  and  were 
apparently  caused  by  the  riveting  of  the  port  assembly  to  the  surrounding  skin. 

8. 4, 2.  Comparison  of  predicted  static  pressure  error  h^d  fli^t  test  results  are 
not  as  good  for  the  Type  B  aircraft.  Figure  45.  The  differences  are  probably 
caused  by  the  following. 

1.  The  ports  are  located  on  a  curved  surface  near  the  nose  and  shifts  in 
fore  and  aft  location  of  the  ports  will  produce  a  shift  in  static  pressure, 

2.  The  port  assemblies  were  in  general  not  Cush  and  since  ports  were 
located  only  six  feet  from  the  nose  in  relatively  thin  bov  iidary  layer,  the  elStect  of 
flushness  '^'lay  have  been  significant.  The  predictions  take  into  acoount  only  surface 
waves  and  not  port  flushness.  It  may  be  noted  from  the  report  that  port  flushness 
was  10  times  better  for  the  1  /pe  C  than  the  Type  B, 
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3.  Surface  deformatioua  on  the  Type  B  aircraJi  were  2. 5  times  larger  than 
for  the  Type  C  aircraft.  It  is  probable  that  some  waves  influencing  the  static  pres¬ 
sure  were  not  taken  into  account  in  the  calculations.  The  Type  B  airci  ait  had  been  in 
service  thousands  of  hours  and  therefore  siiblect  to  random  surface  damage. 

4.  The  Type  C  aircraft  port  location  was  on  a  cylindrical  section  of  the  air¬ 
craft  and  accessible  from  the  ground.  Measurements  were  made  with  the  apparatus 
of  Figure  3?  and  are  probably  more  precise  than  those  obtained  on  the  Type  B  aircraft. 
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SECTIOn  9 


FLIGHT  TEST  METHODS  FOR  THE  CALIBRATION 
OF  AIRCRAFT  STATIC  PRESSURE  SYSTEMS 

9.1.  INTRODUCTION. 

Results  of  a  previous  study  oouducted  under  Air  Force  Contract  AF33(P00)37359, 
Reference  22,  indicated  through  error  analysis,  the  probable  accuracies  of  several 
methods  for  in-flight  calibration  cf  aircraft  static  pressure  systems.  The  current 
military  c^ecificatioa,  MIL-P -26292,  for  the  design,  icstallatic.i,  and  Inspection  of 
pitot  and  static  pressure  systems  requires  experimental  in-flight  deteimination  cf 
installation  error  per  paragraph  4. 4. 6.  The  flight  teat  methods  are  optional  but  sub¬ 
ject  to  r4>proval  of  the  procuring  activity.  The  accuracies  of  flight  tcsL  metiiods 
should  be  equal  to  or  si^rior  to  results  obtainable  from  the  following: 

a.  The  Tower  Fly-By  Method.  -  The  aircraft  is  flown  close  fo  an  aircraft 
control  tower  and  the  altitude  cf  the  aircraft  is  measured  by  photographing  its  position 
on  a  measured  grid. 

b.  The  Radar  Phototheodoll  c  Method.  -  The  aircraft  is  tracked  by  radar 
uslTig  a  borealght  camera  to  correct  the  azimuth  and  elevation  angles  read  from  the 
radar  scales. 

c.  The  Pacer  Technique.  -  The  pacer  aircraft  and  the  aircraft  being  calibrated 
are  flown  together  in  close  formatton  while  the  altitude  and  airspeed  indications  are 
compared. 

d.  The  Fly-By  Parallax  Technique.  -  The  oacer  a  rcraft  is  flown  at  a 
c-onstant  speed  and  aitit»de  while  the  aircraft  to  be  calibrated,  alternately  decelerates 
and  accelerates  while  keeping  the  pacer  aircraft  in  line  with  the  horizon. 

It  is  the  purpose  of  this  section  to  review  the  Reference  22  work  with  a  re-summa^v 
of  probaole  accuracies  of  the  above  techniques  and  provide  certain  recoin mendat ions  for 
standardization  of  calibration  procedures. 
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9.  2.  THE  TOWER  FLY-BY  METHOD. 
9.2.1.  Technlquea  aad  Accuracy. 


This  method  is  one  of  the  oldest  and  ocost  accurate  calibration  methods,  if 
performed  correctly.  Fundamental  to  the  '•ccuracy  is  the  fact  that  the  pressure 
differential  between  low  altitude  fly-by  and  a  reference  point  (runway  or  tower)  may  be 
predicted  accurately.  The  accuracy  of  the  absolute  value  of  pressure  is  unimportant. 
For  example,  an  absolute  pressure  error  of  0.008  Inch  Hg.  results  in  a  pr<»ssure 
differential  error  of  0. 1  ft.  for  an  air  column  200  ft.  high.  The  air  pressure  should 
be  continuously  monitored  at  a  refer^ce  point  (tower  or  grounc^  probably  using  a 
Fortin  type  barometer.  The  atmospheric  temperature  should  be  continuously  moni¬ 
tored,  preferably  at  tower  elevation.  Additional  details  are  discussed  in  Sections 
2. 1. 1  and  2. 1.  2  of  Reference  22, 

The  calibration  accuracy  of  the  tower  fly-by  method  was  arrived  at  throu|^  error 
ai  alysis  (Reference  22)  for  two  different  pressure  gages  on  the  test  aircraft.  Case  I 
was  for  a  full  rajage  altimeter  with  an  assumed  accuracy  of  ±  (10  ft.  ^  C.00125H)  where 
H  is  altitude  in  feet.  The  predicted  accuracy  of  fly-by  calibratfon  with  fuil  range 
?Uimeter  was  ±  17. 3  ft.  and  independent  of  flight  speed.  Case  II  utilized  a  differential 
pressure  gage  or  limited  tange  altimeter.  Prior  to  take  off,  a  temperature  controlled 
reference  tank  to  the  atmosphere,  could  be  sealed  at  constant  pressure,  and  all 

subsequent  flight  pressure  would  be  taken  as  a  differential  against  the  reference  pres¬ 
sure.  The  accuracy  of  the  temper  iture  control  system  aad  pressure  gage  were  assumed 
at  ±  0. 05  in.  H^O  or  *  3. 4  ft.  of  air  ai  sea  level.  The  overall  predicted  accuracy  of  the 
fiy-by  calibration  was  ±  5.4  ft. 

9.2.2,  Calibration  of  low  Speed  .Aircraft  and  Probable  Accuracy  At  Altitude. 

9.  2.  2.1.  Aircraft  With  Flush  Static  Ports. 

Fusel  '^re  mounted  static  ports  are  usually  located  carefully  by  the  airframe 
manufacturer  at  a  position  on  the  fuselage  such  that  the  pressure  over  a  given  airspe^ 
range  will  be  relatively  insensitive  to  ar^^le  of  attack.  Usually,  however,  to  a  Mach 
number  of  0.7  the  variatiou  is  Isiger  than  the  compressibUity  oflects.  Flight  tests  are 


ttfliullyt  tb^reloret  perfsnued  at  certaia  valuea  of  impact  pressure,  q  ,  aod  the 

c 

results  presented  as  AP/  q^,  iiyp,  or  AH  as  a  ftmctlon  of  indicated  airspeed.  Un>- 
fortunidely,  although  AP/q  will  reniain  oonatant  at  altitude,  the  altitude  error  (AH) 
will  increase  as  indicated  by  the  equation 


AH«AH^j(p^/P) 


(33) 


where  p  is  the  statiu  density  and  sutitscript  **  si'*  represents  standard  sem  level 
eolations. 

The  variatioD  of  altitude  error  at  various  altitudes  is  indicated  by  Table  xm 

below. 

TABLE  Xra 

Calibration  Accuracy  at  Altitude  for  Low  Speed  Aircraft 
(MSO.  7)  At  Constant  Angle  of  Attack 


P  /P  AU 

Altitude,  Feet  bV  ‘  1,  Feet 

0  1.000  at  17.3 

10,000  1.S54  ±  23.4 

20,000  1.877  x  32. 5 

30,000  2.689  i  46.2 

40,000  4.047  ±  70.1 

50,000  6.531  ±113.0 


AH 


2,  Feet 
±5.4 

±  7.3 


±10.1 

±14.4 


±21.8 

i3E.3 


AHj,  “  Altitude  eicov  using  full  raiige  altimeter  for  tf?wer  fly-4jy  calibration. 
Ali^  =  Altitude  error  using  limited  range  altimeter  for  tower  Sy-by 
'’ftllbration. 


V:.  addilior  to  tbe  altitude  effect  wfcich  assume#  const&at  AP/  ooE3>pre«sibuuty 

effect  will  tfTid  tc-  increase  AP/q  with  Iscrcaiiing  Macs  number.  To  estimate 

c 

magnitude  of  co mpr^aaib iliiy,  the  pressure  variation  on  a  body  of  re  .'olutiori  as  a 


iOO 


fimctlDQ  of  Mach  number  ho  been  ooneidered  between  M  «  0  and  M  ^  0. 7o  If  the  local 

pressure  remilta  in  AP/q^  «  0.02,  the  maximum  allo^'fl^le  from  MIL'-P'20292  at  low 

speed,  tlmn  the  moimum  compresslbUity  effect  from  M^^Otolf^O.  7  will  be  AC  - 

P 

0. 004.  The  maxunum  effect  of  compressibility  ho  beoc  calculated  and  shown  in  Table 
XIV. 

TABUE  XIV 

Maximum  Effect  of  Compreasih  lity  Between  M  0  ami  If  0. 7 
For  Fuaelage  Mounted  Static  Porta 


AH,  +  AH 
1  c. 


AH,  ^  AH 


Feet 


0 

0* 

17,3 

S.  4 

10, 000 

41.9 

65.3 

49.2 

20. 000 

38.4 

(0.9 

46.5 

30,000 

35.7 

91.9 

50.1 

40, 000 

33.5 

10S.6 

55.4 

50, 000 

33.5 

145.3 

68.  8 

AH^  =  Altitude  error  due  to  oompressSblliiy  effects. 

*  =  Error  Is  zero  since  tower  fly-by  caiibr&tloas  include  oompressiblllty  effects. 

AH^  ^  From  Table  Xm. 

AH  =  From  Table  XIH. 

2 


Tl^  idvoiitages  of  using  iimited  range  altimt  sr  for  caiOjrailoa  la  obviou* 
from  T&hiea  Kin  ar>d  XIV,  Toe  uncertainty  of  tower  fly*^y  calibratioo  full 
range  altimeter  is  magnified  by  the  altitude  effect.  It  should  be  n?3t&d  that  the  com- 
preasibUlty  effects  listed  above  should  be  larger  thaii  normally  expet^ed.  If  the 
aircraft  Sight  «n’/elcpe  cxtendfi  beyond  M  =  0.7,  it  is  tlmi  flight 

caiibralioug  be  performed  at  altitude  by  @s  alter&ate  method.  The  tower  Sy  by 
procedure  la  still  s  i.oefui  caiibratioc  cbcck  metm-d,  however,  ©vest  for  higlMsr  speed 
sirersft  ay  discussed  in  Section  9.  2. 2, 2, 
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9. 2. 2. 2.  Aircraft  With  Hoae  or  Wmg  Tip  Boom  Inatallaliop . 

If  an  aircraft  with  nose  or  wing  boom  ie  calibrated  at  tower  fly-b  as  a  function  of 

indicated  airspeed,  AP/  q  ,  the  accuracies  of  the  calibration  at  altitude  will  follow  the 

c 

predictions  of  Table  XIII.  K^ose  installa+ions  are  less  sublect  to  corapresstbility  effects, 
hence,  the  results  may  be  used  with  good  accuracy  up  to  M  -  0. 8.  However,  if  a  pitot- 
static  t';be  configuration  (such  as  USAF  Types  MA-1  or  TftU-1/ A)  is  utilixed,  whicli  is 
insensitive  to  positive  angles  of  attack,  the  variation  of  pressure  at  the  sensing  ports 
is  only  caused  by  the  variations  in  the  fuselage  flow  field.  Since  the  sensing  ports  are 
not  located  on  the  fuselage  or  wing,  the  variation  of  pressure  with  angle  of  attack  o'  dd 
be  expected  to  be  email.  The  influence  is  discussed  in  detail  in  Reference  22,  Section 

2. 1.3.3.  Results  are  resumsnarized  in  Table  XV  for  three  lengths  of  nose  lx>oms  and 
three  Mach  numbers.  As  indicated  by  iteference  22  (whicn  includes  both  the  effect  of 
angle  and  compreesibility)  the  angle  of  attack  effects  are  conservative,  since  the 
Prandtl  Glauert  correexion  for  compressibility  for  locations  ahead  of  the  body  will 
over-correct.  On  the  other  hand,  the  results  are  based  on  a  particular  angle  of  attack- 
Mach  numbe)' -altitude  flight  envelope  which  is  probably  tjTpical  of  a  high  performance 
fighter  type  aircraft.  Heavier  wing  loadings  would  result  in  increased  angles  of  attack 
at  altitudes. 

9.2.3.  Calibration  of  High  Speed  Aircraft  and  Probable  Accuracy  at  Altitude . 

It  va;3  recommend  'r  a  previous  section,  9.2. 2.1,  aircraft  with  flush  static 
porta  cap..ble  oi  Mach  numbers  in  ex  ess  of  0.7  should  be  c.dibrated  at.  altitude  to 
duplicate  both  angle  of  attack  and  co:'iprcas;b!c  effects.  Aircraft  with  w^ng  tip  or  nose 
booms  may  ue  calibrated  up  to  M  -  0.9  (the  uaual  limit  for  tower  fly-by  procedures) 
and  the  calibrations  may  be  used  at  altitude  (based  on  the  predictions  of  Table  XIV). 

If  the  aircraft  is  capable  of  flights  aoove  a  Mach  number  cf  0.9,  then  calibrations  at 
altitude  are  recommended. 

The  most  common  flight  calibration  inethods  at  altitude  are  as  follows: 

a.  Pacer  Technique. 

b.  Fly-by  Parallex  Technique. 

c.  G.i'ound  Tracking  Techniques. 
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TABLE  XV 


TOWER  FLY-BY  PREDICTIONS  USED  AT  ALTITUDE -VARIATION  OF  ANGLE 
OF  ATTACK  EFFECT  FOR  NOSE  BOOM  CONHOURATIONS  ONLY 

AH  for  Full  RaL^e  Altimeter,  Feet 
—  a - ^ — - * 


M-0.7  M-0.8  M  =  0.9 


Altitude 

(Feet) 

X  _ 
D 

1.5 

1.0 

0o5 

1.0 

0-  5 

X 

D  ~ 

1.5 

1.0 

0.5 

0 

±17 

±17 

±17 

±17 

±17 

±17 

±17 

±17 

±17 

10, 000 

16 

19 

20 

17 

20 

22 

20 

23 

27 

20, 000 

15 

21 

24 

17 

24 

28 

22 

30 

37 

30,000 

14 

25 

31 

IS 

30 

38 

28 

42 

56 

40, 000 

14 

33 

43 

22 

42 

56 

38 

62 

87 

50, 000 

28 

64 

89 

53 

92 

131 

AH 

—  a 

for  Limited  Rauge  Altimeter, 

Feet 

M 

0.7 

M 

=  0.8 

M 

=  0. 

9 

Altitude 

JleeiL, 

X  _ 

D 

1.5 

1.0 

0.5 

2=15 

1.0 

0.5 

X 

D 

1.5 

1.0 

0.5 

0 

±  5 

±  5 

±  5 

±  5 

A  5 

±  5 

±  5 

±  5 

±  5 

.10,000 

5 

7 

S 

6 

9 

11 

9 

12 

16 

20, 000 

5 

11 

14 

7 

13 

17 

12 

19 

26 

30, 000 

5 

15 

21 

9 

21 

29 

18 

32 

36 

40, 000 

5 

24 

34 

13 

33 

47 

29 

53 

78 

50,000 

19 

54 

79 

43 

82 

121 
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9. 2. 3.1.  Fly-by  and  Pacer  Methods. 


The  use  of  the  fly-by  method  usually  involves  calibrating  a  reference  aircraft 
using  the  tower  fly-by  technique  and  subsequently  utilizing  the  reference  aircraft  for 
an  altitude  fly-by.  In  the  altitude  fly-by.  the  reference  aircraft  takes  the  place  of  a 
tower  reference  at  sea  level.  Usually  the  reference  aircraft  is  equipped  with  a  long 
nose  boom  to  minimize  disturbance  of  flow  field  by  fuselage  and  reduce  angle  of  attack 
and  oompressibility  effects.  The  results  of  Table  XV  indicate  that  for  a  long  nose 
boomt  X/D  =  1.5,  an  aircraft  at  M  =  0.7,  or  below,  will  serve  as  a  very  accurate 
reference.  The  accuracy  of  the  procedure  has  been  analyzed  in  Reference  22  and  the 
results  are  repeated  in  Table  XVI  for  the  columns  labeled  Two  types  of  in- 

stnunentation  are  considered: 

a.  Full  range  altimeter  with  accuracy  corresponding  to  AH  =  ±  (10  feet  + 
0.00i25H)  where  H  altitude  in  feet. 

b.  A  limited  range  altimeter  with  0. 5  percent  accuracy  with  two  ranges: 

0  -  10  in.  HgO  full  scale  for  use  to  50,  ('00  ft.  and  0  -  5  in.  H2O  full 
range  for  use  from  50,  GOO  ft.  to  100, 000  ft. 

The  advantages  of  the  limited  range  altimeter  method  are  readily  apparent. 


TABLE  X\: 


CALiSRATION  ACCURACIES  OF  TWO  METHODS  OF  CAUBBATION 
AT  ALTITUDE  FOR  FUSELAGE  STATIC  PORTS;  M<0,7 

or 

Nose  Booms  M  <  0. 9 
Wing  Booms  M<0.9 
=  Total  error  ia  test  aircraft  includiztg 

a.  Calibration  of  a  reference  aircraft  at  sea  level  by  tower  fly-4>y  method. 

b.  Transfer  of  reference  aircraft  calibration  to  a  pacer  aircraft  using  a 
fly-by  procedure  at  altixude. 

c.  Calibration  of  test  aircraft  by  pacer  method  at  altitude. 


Total  error  in  the  test  aircraft  including 

a.  Calibratiou  of  a  reference  aircraft  at  sea  level  uy  tower  ily-by  method. 

b.  Calibration  of  teat  alrcraf  by  reference  aircraft  in  a  fly-by  procedure 
at  altitude. 

Full  Limitad* 

Range  Altimeter  Range  Altimeter 


Altitude 

Feet 

Feet 

2 

Feet 

AH  ,  Feet 

dt 

10,000 

64 

42 

27 

23 

20, 000 

76 

57 

28 

24 

SO,  000 

100 

73 

31 

25 

40,000 

124 

39 

37 

29 

50,000 

148 

106 

36 

27 

60, 000 

173 

12S 

44 

34 

70. 000 

197 

141 

64 

47 

80, 000 

222 

158 

99 

71 

90, 000 

247 

175 

157 

112 

100, 000 

272 

193 

250 

178 

*0  “  10  inches  H 

0  gage  range  used  tu  50, 

2 

000  feet. 

0  -•  5  inches  H  O  gage  range  used  from  50,000  to  100,000  feet. 

di 
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SInoa  ft  pftcer  aircruft  nwy  only  be  tower  caiJbreted  to  M  -  0. 9,  calibrations  above 
IS  0.9  ffioiit  be  obtained  at  altitude  oaing  fly>by  with  &  reference  aircraft.  An  alter¬ 
nate  methodi  is  to  recalibrate  at  hii^r  Mach  numbers  at  altitude  uabig  ground  tra^^king 
techniques  ae  will  be  diecueeed  in  the  next  section.  The  accuracy  of  the  pacer  calibra¬ 
tion  using  the  reference  aircraft  fly-by  la  given  by  tlie  column  of  Table  XVI.  After 
calibrationi  tihe  pacer  may  be  used  to  calibrate  many  aircraft.  The  estimated  accuracy 
from  fteferenoe  22  it  given  in  oolumua  of  Table  XVI.  The  main  advantage  of  the 
limited  range  altimeter  method  ia  the  elimination  of  repeated  large  altimeter  errors. 

As  an  example,  fOr  a  calibratloa  by  a  pacer  at  40,000  feet  the  foUowing  probable 
altimeter  errors  may  occur: 

Tower  Fly-by  altimeter  error  =  sfc  10  ft.  (Reference  22) 

Pacer  calibration  at  40, 000  ft. 

Reference  aircraft  altimeter  error  =  ^  60  ft. 

Pacer  aircraft  altimeter  error  =  ±  60  ft. 

Test  aircraft  calibration  at  40, 000  ft. 

Pacer  aircraft  altimeter  error  =  ±  60  ft. 

Test  aircraft  altimeter  error  =  i  60  ft. 

Root-magnitude-square  of  all  altimeter  errors  = 

r  2  2  i  1/2 

(10)  +  4(60)  =±120.4  ft. 

Root-magnitude -square  of  aH  errors  (Table  XVI)  -  ±  124  ft. 

In  the  case  of  the  limited  range  altimeter  method,  the  ±  10  ft.  error  at  sea  level  is 
x'eplaced  by  a  ±  5. 4  ft,  error  (Reference  22)  and  the  ±  60  ft.  errors  at  40, 000  ft.  replaced 
by  a  ±  13^  3  ft.  error. 

9. 2. 3. 2.  Calibrations  At  Altitude  Utilizing  Ground  Trackitu;  Equipment. 

This  method  appears  ideal  whei  a  suitable  ground  tracking  facility  is  available 
such  as  located  at  Edwards  Air  Force  Base,  The  method  eliminates  the  need  for  a 
pacer  cr  reference  aircraft  at  altitude,  i  he  method  is  described  in  detail  in  Section 
2. 4, 4,  Reference  22.  The  most  practical  method  appears  to  calibrate  the  test  air¬ 
craft  to  a  tower  fly-by  procedure  at  one  valuv  of  indicated  pirspeetl  and/ or  Mach 
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mimber.  This  calibration  provides  a  reference  or  calibrated  conditton.  The  aircxaft 
at  altitude  is  flown  at  the  reference  condition  and  a  survey  of  pressure  vs  altitude  is 
made  using  the  ground  tracking  equipment.  An  alternate  method  which  saves  fli|^ 
time  is  to  fiy  level  in  the  reference  condition,  measure  the  total  temperature,  cal« 
culate  the  static  temperature  fzom  the  corrected  Mach  number,  and  compute  the 
pressure  variation  assuming  a  standard  temperature  lapse  rate  at  the  altitude  inx'olved. 

Following  atmospheric  calibration,  the  aircraft  is  flown  over  the  tracking  range  in 
a  series  of  variable  speed  conditions.  For  certain  tracking  ranges,  e.  g^ ,  Edwards 
Air  Force  Base,  using  multiple  phototheodolites  along  an  extended  path,  an  accelerating 
and/or  decelerating  speed  run  is  fast  and  accurate.  At  the  end  of  the  calibration  runs, 
the  atmospheric  survey  should  be  repeated. 

An  error  analysis  has  been  performed  in  Section  2. 4. 4  of  Reference  22  for  both 
the  limited  and  full  range  sdtimeters.  In  the  case  of  the  limited  range  altimeter,  the 
reference  tank  may  be  vented  to  the  atmosphere  with  the  aircraft  flying  in  the  reference 
condition.  The  tank  is  then  sealed  off  and  the  subsequent  calibration  flights  are  per¬ 
formed  with  the  pilot  instructed  to  maintain  zero  pressure  differential.  As  the  position 
error  changes  with  Mach  mimber,  the  aircraft  will  increase  or  decrease  altitude  to 
maintain  zero  differential.  The  difference  in  altitude  between  the  reference  and  test 
condition  converted  to  pressure  plus  the  position  error  at  the  reference  condition  then 
equals  the  pressure  error  at  the  test  condition.  The  following  equations  describe  the 
calibration. 

For  the  aircraft  flying  in  the  reference  condition  at  constant  Mach  number 


P  =  P 


ref 


(34) 


or  at  coustant  indicated  airspeed 


P  “  Pref  =  Pm 


<! 


cm 


For  the  aircraft  flying  in  the  test  condition 


^test 


(36) 


(36) 


i07 


Hm  pr«»aux«8  p.  .  and  p  .  are  true  iNiatlc  preaeurea  oorreaponding  to 

mNK  T^t 

prMaore  altituitoa  H.  .  and  H _ ,,  reapeotlvely.  The  average  atatic 

teat  rei 

tenaaerature  at  and  H  .  la  T  »  Bocauae  zero  preaaure  dlffer^ial 
teat  ref  ave 

la  maintained  on  the  limited  raxige  altimeter*  the  meaaured  atatic  preaaure* 

p  *  ia  the  name  at  both  referenoe  and  teat  altitudea.  Alao*  if  pitot  pressure 

m 

error  does  not  change  from  the  referenoe  to  test  condition,  ti^  measured 
impact  preaaure,  q^^*  can  be  used  as  a  correlation  parameter.  Position 
error  lor  the  aircraft  at  the  test  oordition  is  then 


The  accuracies  of  the  calibration  using  a  Ml  range  or  limited  range 
altimeter  from  Reference  22  are  summarized  in  the  following  table. 


f 


I 

I 

f- 

I 


i08 


. . . 


TABLE  XVn 


ATMOSPHERIC  SURVEY  FOLLOWING  TOWER  FLY-BY  AND 
SUBSEQUENT  CALIBRATION  AT  ALTITUDE  USING  GROUND 


TRACKING 

Full  Range 
Altimeter 

Limited  Range 
Altimeter** 

Altitude 

■IFfct) 

AH.  Feet 

AH.  Feet 

10,000 

38 

16 

20,000 

55 

20 

30, 000 

72 

24 

40,000 

39 

30 

50, 000 

107 

28 

80,000 

124 

:?8 

70, 000 

141 

49 

80, 000 

159 

72 

30,  *'00 

176 

112 

100, 000 

193 

178 

♦  0  -  10”  H„0  range  used  to  60»  000  feet. 

A 

0  -  5”  H^O  rai^e  used  from  50*000  to  100,000  feet. 
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A  comparl&on  of  the  results  of  Table  XVII  with  the  fly-by  at  altitude  and  pacer  at 
altitude  results*  Table  XV i*  indicate  ooa*parsble  accuracies  with  the  fly-by  calibra¬ 
tions,  Comparisons  hold  for  both  the  full  range  and  limited  range  altimeter 

methods.  The  tracking  method  has  the  advantage  of  utilizing  only  one  aircraft  and 
one  set  of  instrumentation. 

9. 2.3.3.  Trailing  Probe  Method. 

A  standard  method  of  determiuing  the  position  error  for  low  speed  aircraft  haa 
been  by  uoe  of  trailing  bomb  or  probe.  The  probe  is  stabilized  by  use  of  fins  such 
as  to  maintain  approximately  at  zero  angle  oi  attack.  The  probe  is  suspended  from 
an  aircraft  by  a  cable.  The  maximum  speeds  for  calibration  by  this  method  are 
usually  limited  to  about  275  miles  per  hour. 

Work  on  this  method  of  calibration  was  corvinued  b\  the  British  and  instead  of 

employing  a  tote  bomb,  a  small  airplane  configuration  was  attached  to  the  end  of  the 

cable.  Additional  work  in  this  country  was  conducted  by  the  Douglas  Aircraft  Company. 

Tests  Indicated  the  device  could  be  flown  stable,  at  least  up  to  a  Mach  number  of  0.9. 

AP 

The  accuracy  quoted  by  the  British  and  Douglas  was  - -  =;  0.005.  Recently  the 

% 

Douglas  Aircraft  Company  Flight  Test  Department  haa  continued  with  flight  eat  on  a 
light  weight  cone  configuration.  To  date  only  verbal  communications  are  available 
on  the  results.  Experimenta  on  a  twin  jet  Navy  aircraft  over  the  range  from  100  tc 
500  knots  up  tc  M  =  0.9  have  been  rather  successful.  Results  indicate  the  caiibra- 

lions  can  be  performed  vithin - ^  3.005.  Preliminary  data  indicates  that  traihag 

the  cone  at  a  distance  of  one  wing  span  and  aft  of  the  aircraft  will  be  more  than 
sufficient  to  provide  the  above  accuracy.  An  aircraft  witli  an  80  foot  wing  spiui 
indicated  that  the  pressure  was  c*onstant  up  to  a  point  within  30  feet  of  the  aircraft. 


The  advantages  of  utilizing  the  trailing  probe  configuration  are  immediately 
apparent  in  that  the  posl'ion  correction  may  be  determined  as  a  direct  mt-ncurejnent 
utilizing  a  differential  pressure  gage  between  the  pressui'e  to  be  calibrated  and 
the  trailing  probe.  The  device  may  be  used  on  a  test  aircraft  directly.  Another 
possibility  is  to  use  the  trailing  probe  on  a  reference  aircraft  curing  fly-by  proceoures 


no 


with  a  test  aircraft.  The  trailing  airplane  previously  usod  was  a  rather  heavy  device 
and  offered  considerable  damage  potential  if  the  system  became  unstable.  Tltt  use  of 
a  light  weight  trailing  cone  appears  to  overcome  this  serious  deficiency.  It  will 
probably  be  desirable  to  utilize  a  reel  in  the  carrying  aircraft  for  extending  and 
retracting  the  trailing  cone  although  this  feature  may  not  be  al}8olutely  necessary. 

A  disadvantage  to  this  system  is  that  considerable  time  lag  is  encou'^tered  due  to  the 
long  leads  from  the  trailing  probe  to  the  aircraft  itself.  Hence,  this  method  nad  best 
be  used  only  for  steady  flight  c’onditions.  If  the  general  method  can  be  developed  to 
perfection,  it  offers  substantial  advantages  over  all  .he  calibration  methods  in  that 
the  reference  static  pressure  is  carried  with  the  aircraft  to  be  tainted. 

9. 2. 4.  Conclusions  and  Recommendations. 

9.  2. 4. 1.  Tower  Fly-By  Calibrations. 

A  review  of  previous  work,  Reference  22,  indicates  that  the  tower  fly  by  method 
of  calibration  is  probably  the  most  accurate  known  method.  It  may  be  utilized  suc¬ 
cessfully  up  to  a  Mach  number  of  0.9.  With  a  full  range  altimeter  used  for  flight 
instrumentation,  accuracies  on  the  order  of  *  17.3  feet  may  be  obtained  in  the  tower 
fly-by  method.  If  a  limited  range  altimeter  is  utilized,  accuracies  on  the  order  of 
i  5. 4  feet  of  altitude  may  be  obtained. 

9 .  2 . 4 ,  2 .  Caiibratioo  Accuracy  of  Altitude  oi  T Calibrated  Aircraft . 

(1)  For  aircraft  with  flush  static  ports,  whose  Mach  number  at  altitude  does  not 
exceed  M  -  0. 7,  it  is  recommended  that  the  tower  fly-by  calibration  be  utilized  at  ail 
altitudes  pro\  iding  the  calibration  is  performed  as  a  function  of  indicated  airspeed. 

(,2)  Aircraft  with  flush  static  ports  with  Mech  aunibers  in  excess  of  0,7  should  be 
calibrated  at  altitude  utilizing  an  alteniate  method, 

(3)  For  aircraft  with  nose  or  wing  tip  booms,  whose  Mach  number  at  altitude  does 
rot  exceed  0.9,  it  is  recommended  that  Ihe  to»,er  fly-by  calibrations  shall  be  utilized 
at  ail  idtitudes  providing  the  calibration  is  performed  aa  a  function  of  Mach  number. 

(4)  Aircraft  with  nose  or  wing  tip  booms,  capable  Mach  number  at  altituxie  is  in 
excess  of  0.9,  should  use  recalibration  at  altitude  by  an  altamate  method. 
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9. 2. 4. 3.  CaUbratton  MethP<to  at  Altltudg  ^ 

(1)  CoispariaoQ  of  airorait  fly-by  metboda  at  aicltode  axid  alngie  aircraft  method 
otilialBf  fromtd  traokliif  indicate  the  two  methods  are  comparable  la  accuracy. 

(2)  If  it  is  oecesaary  to  trai*sfer  the  calibration  from  the  reference  aircraft  to  a 
pacer  aircraft  and  hence  to  a  teat  aircraftt  then  the  single  aircraft  method  utilizing 
ground  tradds^  ia  more  accurate. 

(31  In  the  intereet  of  standardization  and  insuring  compatibility  of  instrumentation 
£uid  for  obtaining  probably  the  beat  accuracy,  it  is  recommended  that  the  single  aircraft 
method  utilizing  ground  tracking  be  adapted  by  the  USAF  as  a  standard  calibration  at 
altitude  procedure.  In  addition,  it  is  recommended  that  the  ground  tracking  equipment, 
radar-pte>totheo<k>lite  and  phototheodolite  range,  at  Edviards  Air  Force  Base.  California, 
be  utilized  for  all  calibrations  of  USAF  aircraft. 

(4)  The  use  of  the  limited  range  altimeter  method  for  flight  test  instruirentation 
has  been  analyzed  and  compared  with  conventional  altimeter  instrumentation  offers  a 
reduction  in  calibration  errors  of  about  50  percent.  It  is  recommended  that  the  USAF 
conduct  flight  tests  on  equipment  furnished  for  previous  study.  Reference  22,  to  prove 
the  feasibility  of  this  equipment  under  Olght  test  conditions.  If  feasibility  of  limited 
altimeter  instrumentation  is  proven,  it  is  recommended  that  it  be  adapted  as  standard 
instrumentation  for  all  Air  Force  Flight  Test  procedures. 
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APPENDIX  A 

Suggested  Changes  to  MIL-P -26292  (USAF) 

Pitot  and  Static  Pressure  Syateme,  Instaiiatlon  and  Inspection  of 


SUMMARY. 

Subject  specification  has  been  reviewed  as  part  of  the  work  under  Contract 
AF33(600) -42754.  In  order  to  update  the  specifications  to  meet  present  Air  Force 
requirements  a  number  of  specification  changes  and  additions  are  suggested  In  the 
following  paragraphs.  The  numbering  system  pertains  to  the  numbering  i  ystem 
used  in  the  Military  Specifications.  If  no  changes  are  recommended  to  this  specifi¬ 
cation,  then  those  numbers  are  omitted  from  the  following  listing: 

1.  SCOPE:  1,1 

In  the  third  line  change  the  word  ” total”  to  "pitot” . 

Pitot  pressure  is  defined  as  the  absolute  pressure  at  the  impact  source. 

Total  pressure  equals  pitot  pressure  subsonically,  but  is  not  equal  to  the  pitot 
pressure  supersonically  because  of  the  normal  shock  loss. 

2.  APPLICABLE  DOCUMENTS. 

2.1.  SPECIFICATIONS. 

Military. 

Add  MIL'P*  27478,  Pitot  Tube  TRU-42/ A,  electrically  heated,  8 -inch  mast. 
Delete  MIL-T-5420  tubes,  pitol-static,  electrically  heated  aircraft. 

The  latter  specification  is  deemed  incompatible  with  Air  Force  deicing  re(juire  - 
ments.  For  example,  deiciag  requirements  are  specified  at  100  knots  tunnel  speed 
at  -15*  ±  5*C.  High  performance  requirements  require  testing  at  350  knots  indicated 
tunnel  speed  at  -30*  C  ±  5"  C. 

3.  REQUIREMENTS. 

3,4. 1,2.  Pitot -Static  Tubes, 

Delete  AN58i4,  AN581d,  M^L-T-5420,  Considering  present  Air  Force  require- 
mento,  ^hese  specificationo  are  considered  obsolete, 

3 ,  4. 1 , 3 ,  Pitot  Tubes. 

Add  MIL-P-27478, 
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3. 4, 2, 1.  Pitot -Static  Tubea. 

!4ose  boom  mounted  supersonic  pitot-static  tubes  shall  be  utilized  where  ever 
possible  on  high  performance  aircraft.  Wing  brums  are  acceptable  for  aircraft 
operatize  up  to  a  Mach  number  of  1.0.  The  approximate  recommended  length  for 
nose  booms  shall  be  within  0.5  to  1.0  maximum  equivalent  fuselage  diameter. 
(Equivalent  fuselage  diameter  is  defined  as  the  diameter  of  a  circle  having  an  area 
equivalent  to  the  maximum  cross  sectional  ^rea  of  the  aircraft. )  If  an  aerodynamically 
compensated  pitot- 3tatic  tube  is  utilized,  the  shortest  nose  boom  length  compatible 
with  the  aerodynamic  compensation  available  with  the  tube  shall  be  selected.  If  other 
forms  of  pressure  compensation  are  available  in  the  aircraft,  nose  boom  length  shall 
be  selected  as  short  as  practicable,  however,  unco.'rected  pressure  must  fall  within 
the  requirements  of  section  4. 4. 6. 4.  Boom  shall  be  equipped  with  aligning  device 
with  markings  to  insure  that  the  boom  is  always  installed  with  the  pitot -static  tube 
mounting  holes  in  the  same  position.  The  boom  should  also  be  provided  with  a 
removable  sleeve  to  aid  in  maintenance  of  the  pitot -static  tube  and  couplings. 

The  above  specification  change  incorporates  elimination  of  the  wing  tip  boom 
of  above  Mach  number  1.0.  Primary  reason  for  this  change  is  the  very  erratic 
behavior  of  static  pressure  vs  Mach  number  in  the  range  0.8  to  approximately  1.4 
Mach  number,  illustrations  of  this  phenomena  are  contained  in  Reference  24, 

Figures  29  and  33  for  both  a  swept  and  unsv/ept  wing  configuration.  Additional 
difficulties  with  the  wing  pitot -static  tube  installation  are  that  the  pneumatic  lines 
are  excessively  long  when  the  tube  is  mounted  at  the  wing  tip,  hence,  pneumatic 
time  constant  is  larger.  In  addition,  the  local  angle  of  attack  range  forward  of  the 
wing  is  considerably  larger  than  the  airplane  angle  of  attack  due  to  the  induced  up- 
wash  effects  of  ^he  wing  itself.  For  an  aircraft  pitching  through  the  range  from 
0  to  15* ,  the  local  flow  angle  at  the  pitot -static  tube  as  mounted  on  the  wing  tip  could 
easily  vary  between  0  and  30*  .  It  appears  that  the  above  combination  of  deficiencies 
are  enough  to  eliminate  the  wing  tip  nose  boom  from  consideration  for  Mach  numbers 
above  a,  3,  Ackhtional  deviations  of  the  specification  are  included  to  permit  use  of  an 
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aerodynamically  compensated  pitot -static  tube.  This  unit  would  allow  the  nose  ooom 
length  to  be  considerably  shortened,  possibly  to  about  0. 25  as  maximum  fuselage 
diameter.  In  addition,  if  other  means  of  compensation  are  provided,  such  as  an  air 
data  computer,  the  shorter  nose  boom  length  can  be  utilised. 

3.4,3.  System  Anti-Icing  Capability. 

a.  Altitude  -  10, 000  feet 

b.  Mach  Number  -  0. 60 

The  altitude  and  Mach  number  specifications  have  been  changed  from  40, 000  feet 
and  0. 75,  respectively.  Demonstrating  deicing  capability  at  40, 000  feet  is  not  as 
severe  as  demonstrating  deicing  capability  at  10, 000  feet,  becauat  the  density  at 
40, 000  feet  is  approximately  1/4  of  the  density  near  sea  level.  Hence,  the  convec'.ion 
heat  transfer  at  40, 000  feet  betw'een  the  tube  and  the  air  passing  over  the  tube  is 
approximately  one-haif  the  magnitude  at  sea  level.  The  Mach  number  has  been 
changed  from  0. 75  to  0, 6  since  there  will  be  appreciable  aerodynamic  heating  due 
to  this  relatively  high  Mach  number,  which  will  tend  to  minimize  deicing  heater 
requirements.  The  combination  of  10, 000  feet  altitude  at  Mach  number  0. 6  tends 
to  represent  the  most  severe  deicing  requirements  when  coupled  with  an  outside  air 
temperature  of  -35*  C  per  the  original  specification. 

3.4.5.  Flush  Static  Port. 

When  a  multiple  flush  static  port  configuration  is  utilized,  all  static  ports  shall 
be  located  on  the  square  plate  with  the  primary  sxatic  system  centered  within  the 
area  of  the  square  plate. 

FIGURE  3  PITOT  TUBE  AND  FLUSH  STATIC  PORT  SYSTEM. 

Per  Page  8,  MIL-P -26282  has  been  modified  and  is  included  as  part  of  this 
appendix.  Changes  provide  a  <x>mpietely  separate  static  system  for  pilot’s  a.id 
co-pilot's  instruments.  Manifolding  per  Figure  3  of  the  orig'nai  specification  has 
been  eliminated. 
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4, 4, 6.  fegtiiilattoa  Error. 

Present  specificatioi?  requires  that  contractor  shall  submit  plans  to  the  procuring 
activity  tor  spproval  regarding  details  of  Flight  Test  Programs  to  determine  pitot -static 
pressiixe  installation  errors.  Four  in-flight  calibiation  methods  are  listed.  No  change 
in  the  present  specification  is  recommended  at  this  time.  However,  the  Air  Force  has 
supported  studies  under  contract  AF33(600) -37359,  Reference  22  and  27.  Calibration 
methods  were  ajialj^zed  by  error  analysis.  In  general,  the  analysis  showed  that  each 
of  the  four  methods  listed  in  the  present  specification  have  near  comparable  accuracy 
for  calibrations  at  altitude.  Accuracy  of  the  calibration  can  be  considerably  increased 
in  each  case  if  a  full  range  al  imeter  or  15  pound  absolute  pressure  gage  is  reph  ced 
with  a  limited  range  differential  gage.  Limited  range  differential  gage  has  been  called 
a  limited  range  altimeter  or  sometimes  referred  to  as  a  statoscope.  Fabrication  of 
two  limited  range  altimeters  w.is  completed  under  reference  contract.  Reference  27, 
These  have  been  furnished  to  the  Air  Force  for  flight  test  evaluation.  Up  to  this  time 
only  a  very  limited  amount  of  flight  teat  data  is  available  on  the  calibrators.  Informa¬ 
tion  available  shows  excellent  sensitivity  of  the  imits  but  to  date  only  quantitative  data 
has  btten  obtained.  If  this  progrjim  or  others  are  more  successful  in  obtaining  improved 
accuracy  over  pres^int  calibration  methods,  it  appears  the  specification  should  be 
rewritten  specifying  exactly  the  flight  test  configuration  and  instrumentation  utilized. 
This  will  insure  c*omparable  accuracies  for  all  flight  test  data  obtained  by  various 
manufacturers.  In  addition,  witiiin  the  Air  Force  at  least,  consideration  sho  dd  be 
given  for  performing  the  flight  test  at  one  standard  location  using  one  standard  set  of 
gDund  inatrumentation.  The  capabilities  of  the  Edwards  Air  Force  Base,  with  the 
availability  of  considerable  tracking  equipment,  satisfy  the  necessary  facility  require¬ 
ments,  disagreement  has  ouen  occurred  between  the  flight  test  results  obtained  from 
cvptractors  and  the  subsefraent  Air  Force  calibrations.  Standardizing  the  instrumenta¬ 
tion  and  method  for  calibration,  as  well  as  the  location  where  the  experiments  are 
performed,  will  tend  to  eiiminate  these  discrepancies.  It  appears  that  systematic 
errors  existing  between  different  calibration  methods,  Instrumentation  and  locations 
now  exiat  which  contribute  to  the  non-agreement  between  contractor  furr.ished  and 
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subsec^ent  Air  Force  caiibr&Uon».  ibe  reader  is  referred  to  Section  9  of  this  r^piort 
which  reviews  in-flight  calibration  methods.  This  section  compares  the  expected 
experimental  accuracies  utilising  fully  each  altimeter  and  limited  range  altimeters. 

The  use  of  the  limited  range  altimeter  appears  very  beneficial.  If  t^'e  ill^t  tests  on 
this  device  pixive  satisfactory,  the  Ai?  Force  should  give  consideration  to  standardizing 
of  this  type  of  installation.  Recommendations  on  the  use  of  various  calibration  methods 
are  summarized  in  Section  9. 

4. 4.6.2. 

Eliminate  the  words  ’or  wing  tip  boom  installations'. 

Figure  5  position  error  tolerance,  page  16,  MIL-P-26292,  change  the  definition  of 

q  from  "true  dynamic  pressure"  to  "impact  pressure" . 

0 

4,  4. 6. 3. 

The  measured  pitot  pressure  shall  not  differ  from  the  true  pitot  pressure  by  more 
than  0. 4  percent  throughout  the  entire  Mach  number  range  of  the  aircraft. 

In  the  above  paragraph  the  word  'total*  is  replaced  by  the  word  'pitot*  and  the  word 
’exceed*  is  replaced  by  the  word  ’differ*. 

4. 4. 6. 4. 

If  the  installation  does  not  meet  the  requirements  of  4. 4. 6.  2  and  4. 4. 6. 3,  com*’ 
pensation  shall  be  required.  However,  the  uncompensated  position  er  <or  shall  not 
exceed  the  range  of  the  ratio  of  measured  static  pressure  to  static  pressure  of  0,96 
to  1.20. 

Wording  of  the  above  paragraph  was  altered  slightly  for  clarification. 
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